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ABSTRACT
Bird abundance in North America has declined by almost 30% in just the past 50 years.
It is crucial that we understand the many factors contributing to declines, including the
impacts of environmental contaminants. Mercury is a persistent and global neurotoxic
contaminant of aquatic systems that will continue to increase in the environment as
anthropogenic activities and climate change accelerate its emission. The impact of
mercury on songbirds, a large and diverse but declining taxon, is not well understood. I
sought to better understand the effects of mercury exposure on songbirds by studying
its impact on the environmentally sensitive hypothalamic-pituitary-adrenal axis, which
controls the stress response mediated by the hormone corticosterone. Using adult,
captive-bred zebra finches as a model songbird, I tested the effect of an
environmentally relevant level of dietary mercury on corticosterone in both blood and
feathers. I also tested the effect of an additional stressor – chronic, unpredictable food
deprivation – both on its own and in combination with mercury exposure, to better
estimate how mercury might impact birds differently when another challenge occurred
simultaneously. Baseline corticosterone was measured in the blood. Corticosterone
was also measured from primary feathers grown during the treatment period, and
mercury was measured in those same feathers, to test whether this minimally invasive
technique might be useful in assessing stress due to mercury exposure in the field. The
resultant baseline blood corticosterone levels were best explained by models including
treatment, time elapsed between disturbance and sampling, sex, and an individual’s
change in body mass over the study period. On average, birds under mercury stress
alone or in combination with food stress had higher baseline blood corticosterone levels
than controls. Interestingly, birds in the dual stress group did not exhibit the expected
gradual increase in blood corticosterone levels in the first three minutes after
disturbance. This was the opposite of all other groups, in which birds sampled longer
after the initial disturbance of researchers entering the room had higher corticosterone
levels. Feather corticosterone was not correlated with blood corticosterone. While
treatment group alone was not related to feather corticosterone, the interaction between
treatment group and pre-treatment feather corticosterone predicted corticosterone in
replacement feathers. In individuals that were not exposed to mercury, there was a
positive correlation between original and replacement feather corticosterone. However,
mercury exposure disrupted this association. Chronic mercury exposure appears to
elevate baseline corticosterone levels in adult songbirds, which could be detrimental to
their health. Faced with combined mercury and food stressors, the stress response
may have been suppressed, as suggested by the lack of an increase in corticosterone
with time since disturbance. An effect of mercury on feather corticosterone was only
observed when considering both treatment group and feather corticosterone before
mercury exposure, so caution should be exercised in using feather corticosterone as a
bioassay for contaminant or food stress in the field. Further study of stress-induced
corticosterone is necessary to better understand the effects seen here, and the
modulating roles of feather color and size, also examined here, must be considered.
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Chapter 1. Introduction: Mercury, stress, and feathers

I. Mercury pollution and songbirds
In the past fifty years, bird abundance across North America has declined by a
startling 29% (Rosenberg et al., 2019). Losses spanned a wide range of taxa and
ecosystems, including common and introduced species, suggesting that several
sustained and widespread factors contributed to declines. It is critical to identify
contributors to these losses to inform conservation approaches and halt this downward
trajectory.
Coupled with issues like climate change, habitat loss and fragmentation, and
species introductions, increasingly widespread and persistent pollution likely adds to
and exacerbates avian declines. Even with modern regulations in place, toxic
contaminants are continually emitted into the environment, compounding the effects of
existing long-lived chemicals. While many pollutants are toxic at high doses, resulting in
iconic scenes of DDT-sprayed yards filled with dead robins (Carson et al., 2002), sights
like this are rare in modern times. Instead, many wild birds across the globe experience
sustained, sub-lethal exposures to one or more contaminants. While not acutely toxic,
chronic sublethal exposure to any toxicant can be detrimental to individual and
population health over time.
One particularly persistent and global environmental contaminant is mercury
(Hg). Hg occurs naturally deep within sediment, where it is slowly released over
geological time. However, human activities like coal burning, mining, and waste
1

disposal accelerate the process of Hg release, pushing much more of this neurotoxic
element into the global Hg cycle than would naturally occur (Selin, 2009).
Anthropogenic Hg, in its elemental, ionic, or particulate form, is mobile and water
soluble and thus easily undergoes deposition onto land and eventual runoff into aquatic
systems (Selin, 2009). Once in a body of water, Hg is methylated by sulfate-and ironreducing bacteria to produce bioavailable methylmercury (MeHg) (Selin, 2009).
Animals in contaminated water bodies concentrate MeHg in their tissues, where it is
usually linked to cysteine residues or other sulfur-containing moieties; predators
consuming these contaminated prey further concentrate organic Hg in their bodies,
resulting in those at the top of the food chain having the highest tissue concentrations of
MeHg (Selin, 2009).
Not only does MeHg bioaccumulate in aquatic organisms, including fish and the
birds that eat them, but there is evidence that it also accumulates in terrestrial songbirds
(passerines, members of order Passeriformes) without direct trophic connections to
contaminated aquatic systems (Cristol et al., 2008). While Hg is widely recognized for
its toxic effects on wildlife, sublethal environmental contamination also has a host of
negative impacts on birds, including passerines (Whitney and Cristol, 2017), a large and
diverse group experiencing massive population declines (Rosenberg et al., 2019).
Because they are not directly tied to aquatic systems, the impact of Hg on the mostly
insectivorous and omnivorous passerines is much less well-studied compared to
piscivorous species.
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It is likely that passerine exposure to Hg will increase over time as more Hg
enters the environment. Human activity continues to add to already overabundant and
highly persistent environmental Hg, at a rate of approximately 2,000 metric tons
annually (Krabbenhoft and Sunderland, 2013). It is estimated that by 2050, this might
decrease to 800 metric tons per year if mitigation strategies are put in place, but will
increase to 3,400 metric tons if nothing is changed (Krabbenhoft and Sunderland,
2013). The estimated reduction in Hg pollution may be overly optimistic. In recent
years, the US has rolled back regulations on Hg emissions, and a number of countries
have also increased the commercial and consumer use of Hg, which has become less
expensive as supplies increase (Spiegel 2017). This increased use, primarily in the
coal-combustion and gold-mining sectors, might increase Hg emissions in the coming
years. There is evidence that climate change will only further exacerbate the profound
impacts of existing and future Hg on wildlife and ecosystems, through greater emission
of soil Hg by wildfires, increased methylation rates by warmer microbes, and the release
of stored Hg from melting polar regions, among other sources (Stern et al., 2012).
Given this reality, it is crucial to improve our understanding of the impact of
persistent Hg exposure on wildlife, especially its under-studied effects on songbirds. In
particular, better understanding its effect on the environmentally sensitive hypothalamicpituitary-adrenal (HPA) axis might reveal some of the mechanisms by which Hg works
to impact individual health and condition. Gore (2010) points out that because the HPA
axis is regulated by hypothalamic neurons, it can respond extremely rapidly to
environmental perturbations such as environmental contaminants. Yet because of the
3

simultaneous role of the HPA axis in the endocrine system, the effects of contaminant
exposure can last several hours or even weeks (Gore 2010). For this reason, I strove to
test the effects of an environmentally relevant level of dietary Hg exposure on the
songbird HPA axis in a controlled environment, by measuring its endpoint hormone,
corticosterone (CORT), in both blood and growing feathers.

II. The songbird HPA axis
The environmentally sensitive HPA axis mediates a "stress response" system
conserved across all vertebrates. It plays a central role in facilitating the adaptive stress
response, a suite of time-limited behavioral and physiological changes that allow an
individual to cope with a real or perceived threat to homeostasis (Charmandari et al.,
2005). At the outset of stress, fast-acting adrenaline activates a near-instantaneous
sympathetic nervous system-mediated response (Sapolsky et al., 2000). The HPA axis
then comes online to maintain this immediate "fight or flight" response. First,
corticotropin-releasing hormone (CRH) is secreted by hypothalamic neurons into the
anterior pituitary, where it activates the release of adrenocorticotropic hormone (ACTH)
into the bloodstream (Carsia and Weber 1986; Chrousos, 1998). ACTH then targets the
adrenal glands, stimulating the release of the final hormone in this cascade,
corticosterone (CORT), into general circulation. At its target tissues, CORT binds
intracellular glucocorticoid receptors to alter a number of processes in an effort to cope
with the immediate stressor.

4

Acute elevation in circulating CORT in response to a stressor can shift both
behavior and physiology, redirecting energy and resources in order to respond to a
present danger, prepare for an approaching threat, or recover from a recent stressor
(Sapolsky et al., 2000). Arousal, alertness, escape actions, and vigilance might
increase with increasing circulating CORT, while feeding, growth, immunity, and
reproduction are often suppressed, as energy is redirected towards central processing
and areas of the body experiencing stress (Charmandari et al., 2005).
Gluconeogenesis (the breakdown of macromolecules to produce glucose), lipolysis,
proteolysis, respiration, and cardiovascular tone all increase, providing oxygen and
nutrients required to respond to the stressful event, while protein synthesis, lipid
storage, and glycogen production are stalled (Charmandari et al., 2005).
While this response is adaptive and often crucial to survival, prolonged CORT
elevation can be damaging to health, given its suppressive effects on important
processes like feeding, immunity, protein synthesis, and reproduction, and its
permissive effects on the breakdown of macromolecules. In fact, chronically elevated
CORT can lead to reduced growth, immunosuppression, oxidative stress, disruptions to
reproduction, muscular atrophy, and even death in extreme cases (Costantini et al.,
2011; Sapolsky et al., 2000; Wingfield, 2005). CORT regulates its own secretion by
binding receptors in the hypothalamus and pituitary that downregulate CRH expression
and thus suppress the HPA axis response as a whole (Kretz et al., 1999; Sayers et al.,
1974; Vandenborne et al., 2005).

5

In the absence of a stressor, CORT still circulates in the blood, at resting or
"baseline" levels, much lower than stress-induced levels. When an animal is not facing
an immediate stressor, much of its circulating CORT is sequestered by large proteins
called corticosteroid binding globulins (CBGs). CBGs bind CORT with high affinity,
rendering it essentially inactive, but it can be rapidly mobilized as needed, allowing birds
to keep some CORT readily available in circulation without incurring its effects (Malisch
and Breuner, 2010). However, free, unbound baseline CORT does play a role in
regulating normal immune function, blood glucose levels, appetite, and synaptic
plasticity, as well as keeping an organism prepared to respond to an unexpected
stressor (Sapolsky et al., 2000). In birds, baseline CORT levels also fluctuate
predictably with circadian rhythms, with CORT generally at its highest during the
inactive period (at night, for diurnal species) and lowest during the active period
(Remage-Healey and Romero, 2001; Romero and Remage-Healey, 2000). There are
also important seasonal fluctuations in CORT levels. CORT tends to be suppressed
during molt, when energy is needed for feather growth and elevated circulating CORT
can damage growing feather quality (DesRochers et al., 2009; Romero et al., 2005;
Strochlic and Romero, 2008). However, CORT tends to be highest annually during the
breeding period, when birds are defending territories, winning over mates, and
protecting nests (Romero et al., 1997; Romero and Remage-Healey, 2000; Romero et
al., 1998). In some species, CORT is also elevated during the winter, consistent with
the idea that increased CORT might increase energy mobilization to combat taxing
winter conditions (Lattin et al., 2013). Thus, proper CORT functioning is critical not only
6

for coping with unpredictable acute stressors, but for many predictable daily and annual
stressors as well.
The avian HPA axis is highly complex and exerts influence over many systems in
the body, both at baseline and elevated, stress-induced levels. Through changes in
CORT, birds are able to maintain homeostasis in the face of both regular and
unanticipated stressors, a concept known as allostasis. Adaptively, as the magnitude
and subsequent energy demand of stressors on an animal increases, the level of
circulating CORT also goes up in a compensatory manner. However, when the energy
required to overcome present stressors exceeds the energy available to an individual in
its environment, the individual can enter an emergency survival state, incurring some of
the detrimental impacts of CORT described previously (McEwen and Wingfield, 2003).
In this state, by prioritizing survival over other energy-intensive processes, an individual
can return to a positive energy balance, resulting in a decrease in CORT secretion
(McEwen and Wingfield, 2003). In studying chronic stressors like contaminant
exposure, it is important to consider the tradeoff between adaptive coping with stressors
by elevation or suppression of CORT and the consequences of prolonged changes in
circulating CORT.
A number of studies have shown that chronic activation of the HPA axis can
result in chronically elevated baseline CORT (Fokidis et al., 2012; Strochlic and
Romero, 2008), while in some cases it can suppress baseline CORT by negative
feedback inhibition (Cyr and Romero, 2007; Rich and Romero, 2005). Stressors during
development can be especially detrimental. Early life elevations in CORT can lead to a
7

stronger stress response, slowed negative feedback inhibition of CORT, more salient
responses to specific stressors, and even alterations in brain glucocorticoid receptor
density later in life (Banerjee et al., 2011; Spencer et al., 2009). Prenatal and early life
exposure to elevated CORT can also lead to suppressed baseline and stress-induced
CORT in nestlings (Love and Williams, 2008). These types of prolonged changes could
be viewed as adaptations to perceived future stressors, although they may not serve the
animal well if its environment changes. Sustained elevation or depression of CORT
levels can both be harmful and even pathological. Because the HPA axis is so critical
to the maintenance of homeostasis, perturbations to its proper functioning by
contaminants like Hg could negatively impact health, survival, and reproduction.

III. Mercury and the HPA axis
Dietary MeHg could impact the HPA axis at a number of different points.
Regardless of where it exerts its effect, disruptions might be discernible through
assessment of CORT, the most long-lived, downstream hormone of the system. Given
that songbirds are often exposed to chronic, sublethal levels of MeHg in contaminated
areas, it seems logical that this sustained exposure would act somewhat like a "chronic
stressor" and cause a shift in baseline CORT levels. Not only is Hg exposure probably
stressful, but it also requires energy to depurate Hg from the body, and thus with
chronic exposure, sustained elevations in CORT could provide energy necessary to this
process.

8

Only a handful of published studies have examined the impact of Hg pollution on
passerine HPA functioning in the wild, revealing mixed outcomes. In free-living tree
swallows (Tachycineta bicolor) in Virginia, early stage nestlings at contaminated sites
exhibited elevated stress-induced CORT levels compared to birds on reference sites
(Wada et al., 2009). Later stage nestlings at the same contaminated sites went on to
experience elevated baseline CORT levels and suppressed acute CORT levels
compared to reference birds (Wada et al., 2009). In contrast, at a contaminated site in
Massachusetts, free-living nestling and adult tree swallows both exhibited decreased
baseline blood CORT and no change in acute (i.e. stress-induced) blood CORT with
increasing blood Hg levels (Franceschini et al., 2009). This relationship was not
observed in adult tree swallows at a site in Maine where blood Hg levels were
comparatively lower (Franceschini et al., 2009).
While the literature on free-living passerines is sparse, studies across other avian
taxa provide similarly inconsistent results (Whitney and Cristol, 2017). In free-living
Forster's tern (Sterna forsteri) chicks between 15-37 days old, for example, higher levels
of blood Hg were associated with lower levels of fecal CORT metabolites, suggesting
sustained CORT suppression in the presence of chronic Hg exposure (Herring et al.,
2012). On the other hand, free-living male adult common loons (Gavia immer) at
contaminated sites exhibited higher stress-induced CORT with increasing blood Hg
(Franceschini et al., 2017). However, Franceschini et al. (2017) measured acute CORT
levels by exposing birds to 20-30 minutes of restraint stress and did not report this
relative to baseline levels, thus potentially obscuring any proportional differences in
9

baseline CORT, which have been observed in other species. In free-living female
common eiders (Somateria mollissima), higher levels of blood Hg were associated with
lower baseline blood CORT, but the study population experienced only trace Hg
exposures (Provencher et al., 2016).
Several additional field studies detected no association between Hg and CORT.
In a population of adult common eiders exposed to trace Hg, for example, there was no
relationship between liver Hg levels and either baseline or stress-induced CORT
(Wayland et al., 2002). Similarly, there was no relationship between blood Hg and
baseline or acute blood CORT in breeding snow petrels (Pagodroma nivea) at a
contaminated site (Tartu et al., 2015), or between blood Hg and baseline blood CORT in
black-legged kittiwakes (Rissa tridactyla) experiencing moderate blood Hg levels of 0.62.5 ppm (Tartu et al., 2016). There was also no relationship between feather Hg and
fecal CORT in free-living white ibis (Eudocimus albus) or great egret (Ardea alba)
nestlings (Herring et al., 2009), and feather Hg and baseline blood CORT were not
related in breeding white ibis either (Heath and Frederick, 2005). Nor was blood Hg
related to fecal CORT in nestling great egrets or white ibis, although another, longer
term (several weeks) stress marker, blood heat shock protein 70, was lower in birds
with higher blood Hg (Herring et al., 2014). Interestingly, Herring et al. (2018) found that
in free-living common ravens (Corvus corax), fecal CORT increased with increasing
blood Hg and blood lead (Pb), but this effect only occurred in the presence of high
levels of both contaminants. No effect on fecal CORT was observed in another
scavenger species (turkey vulture, Cathartes aura) (Herring et al., 2018).
10

There are, of course, limitations to examining Hg and CORT in the field. Hg
exposure cannot be standardized, birds might be exposed to other contaminants that
could obscure its effect, and numerous uncontrolled factors could influence CORT
levels without the researcher's knowledge. Controlled laboratory studies employing a
known, fixed dose of Hg exposure might reveal the direct effects of Hg on CORT. As
with field studies, there is limited data available on captive passerines. In breeding
captive zebra finches (Taeniopygia guttata) exposed lifelong to dietary Hg (either 0.3,
0.6, 1.2, or 2.4 µg/g wet weight), stress-induced blood CORT decreased with increasing
blood Hg, but Hg exposure had no statistically significant effect on baseline blood
CORT (Moore et al., 2014). Breeding stage also had an impact on both stress-induced
and baseline blood CORT, although it is unclear whether there was an interactive effect
of Hg and breeding stage (Moore et al., 2014). However, breeding zebra finches
exposed to either 0.5 or 1 ppm (dry weight) dietary Hg only as adults exhibited no
significant shift in baseline blood CORT during the pre- or post-breeding period,
although male CORT tended to decrease over the breeding period, while female CORT
tended to increase (Maddux et al., 2015). These two studies represent the only
research directly examining the effect of Hg on CORT in a captive songbird.
A few additional studies have examined the effect of Hg on CORT in a controlled
setting using other taxa. Interestingly, an early study in broiler chickens (Gallus gallus
domesticus) found that Hg toxicity produced adrenal enlargement, as well as reduced
CORT secretion, and that CORT administration rescued some symptoms of toxicity,
such as severe weight loss (Thaxton et al., 1975). In experimentally dosed captive
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juvenile white ibises, Hg impacted fecal CORT in a non-linear fashion (Adams et al.,
2009). Low dose Hg (0.05 mg/kg wet weight) was generally associated with lower
CORT compared to controls, and high dose Hg (0.3 mg/kg) was associated with
elevated fecal CORT, although intermediate Hg exposure (0.1 mg/kg) resulted in CORT
levels similar to controls (Adams et al., 2009). In captive juvenile common loons, two
doses of dietary Hg (0.4 and 1.2 µg/g wet weight) resulted in a suppression of stressinduced blood CORT but no alteration in baseline blood CORT (Franceschini et al.,
2017).
The literature as a whole does not suggest a particular trend, and studies vary in
species, age, dosage, tissue sampled for Hg (blood, feather, liver, etc.), and CORT
protocol (baseline, stress-induced, or fecal). Further, while existing captive studies
control for many of the confounds encountered in the field, they fail to adequately
approximate potentially stressful conditions experienced by Hg-exposed birds. All
previous captive studies examined the effect of Hg exposure alone on CORT; none
have studied whether Hg impacts the avian HPA axis differently when another stressor
is present.
I sought to build on the existing literature to improve our understanding of how
Hg impacts songbird CORT functioning by not only dosing captive birds with a standard
concentration of Hg, but also exposing them to an additional chronic stressor, in an
effort to better simulate potential conditions in the wild. I employed a chronic stress
protocol developed by Strochlic and Romero (2008) that elevated endogenous baseline
blood CORT in a species of passerine, the European starling (Sturnus vulgaris). This
12

protocol involves removing the birds' food source for four hours a day on a short, 10hour day schedule at an unpredictable time for 25 consecutive days, thus approximating
unpredictable winter conditions (Strochlic and Romero, 2008).
The available literature paints an unclear picture, but there is some evidence to
suggest an effect of Hg exposure on stress-induced blood CORT, baseline blood
CORT, and fecal CORT. In particular, several published studies found that Hg
exposure impacted baseline or fecal CORT, both of which tend to be associated with
chronic stress. I chose to measure baseline blood CORT in my subjects, a more
traditional assessment of chronic stress than fecal CORT. I predicted that birds
exposed to Hg only would show elevated baseline CORT levels, an adaptive response
to maintain homeostasis under chronic contaminant exposure. McEwen and Wingfield
(2003) point out that consistent elevations in baseline CORT can indicate an impairment
in foraging, energy storage, or nutrient utilization that requires constantly more energy
expenditure. CORT promotes energy production, so increased CORT levels might
provide birds under chronic impairment with more available energy. In birds
experiencing Hg exposure, baseline CORT levels might therefore be elevated due to
Hg-induced motor or cognitive impairments to everyday functioning. Consistent CORT
elevation might also make additional energy available for the depuration of toxic Hg.
On the other hand, I predicted that exposure to both Hg and another stressor
might lead to a suppression of baseline CORT. Under compound stress, I hypothesized
that birds would downregulate the HPA axis via negative feedback inhibition in order to
prevent the damaging effects of consistently high circulating CORT levels. Further,
13

several field studies of adult birds on Hg-contaminated sites have shown a negative
relationship between Hg and CORT (Franceschini et al., 2009; Herring et al., 2012;
Provencher et al., 2016). Birds in the field presumably face multiple stressors and so
might respond similarly to captive birds under compound stress.
CORT in blood and feces, as have been measured thus far, might not tell the
entire story of the long-term impact of Hg on the HPA axis. Blood CORT in particular
only provides a snapshot of CORT at the time of sampling. There is evidence that
blood CORT is heavily influenced by the timing of capture and sampling, as well as
species (Romero and Romero, 2002). Further, CORT varies naturally across diel
(Romero and Remage-Healey, 2000; Tarlow et al., 2003) and seasonal (Haskins et al.,
2017; Romero et al., 1997; Romero et al., 1998) time spans, making it challenging to
interpret samples taken at a single time point. The use of fecal CORT circumvents
some of these problems, and it is less invasive and not subject to changes due to
handling stress. It is also well correlated with changes in CORT in the blood caused by
drug administration or natural stressors, lagging blood CORT by a few hours (Denhard
et al., 2003; Wasser et al., 1997). However, fecal CORT still only captures a relatively
short time span of just a few hours.
Similarly, blood Hg is often examined in parallel with blood or fecal CORT.
However, blood Hg also does not provide any information on exposure history, making it
difficult to relate CORT levels to prolonged Hg exposure. While some studies have
attempted to remedy this by comparing blood or fecal CORT to Hg in feathers, this
presents other problems, as those feathers would have grown during the last molt,
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possibly many months prior to blood or fecal sampling, and Hg concentrations would be
stable once feather growth had ceased.
To overcome these setbacks, feather Hg could instead be compared with CORT
deposited in the same feather, colocalizing Hg exposure over several weeks of feather
growth with CORT levels over that same period. The measurement of CORT in
feathers provides a more integrative assessment of “average” CORT over several
weeks, thus providing information over a longer timespan than blood CORT. Feather
CORT might therefore be a better tool for assessing physiological stress caused by
sustained stressors like chronic sublethal Hg exposure.

IV. Feather corticosterone
There is a need for more integrative measures of HPA axis function that could
better assess the effects of prolonged stressors like environmental contaminant
exposure. One such technique might be the measurement of CORT deposited in
feathers. Feathers are supplied with blood as they grow, and CORT circulating in the
body at the time of feather growth is deposited in the feather itself (Bortolotti et al.,
2008). Thus, each feather potentially provides a record of an individual’s circulating
CORT through the entire period of feather growth, integrating baseline and stressinduced perturbations in CORT over several weeks (Romero and Fairhurst, 2016).
Based on current evidence, CORT seems to be incorporated into feathers in a
time-dependent fashion, independent of the changing mass along the feather, although
the exact form of CORT deposited is currently unknown (Bortolotti et al., 2008; Bortolotti
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et al., 2009; Romero and Fairhurst, 2016). There is some evidence that cortisol, a less
common glucocorticoid in birds, might also be deposited in the feathers of some birds
along with CORT (Koren et al., 2011). The prevailing hypothesis is that circulating
CORT is passively deposited into feathers in the feather pulp, where feather vasculature
is located (Jenni-Eiermann et al., 2015). Several studies have validated the presence of
CORT in feather extracts using mass spectrometry, a highly sensitive technique (JenniEiermann et al., 2015; Bilkova et al., 2019; Will et al., 2019). However, feather CORT
can also conveniently be measured in the same way as blood CORT, with
radioimmunoassay (RIA) or enzyme-linked immunosorbent assay (ELISA), both easier
and much more cost-effective techniques than mass spectrometry. CORT is extracted
from feathers using methanol, a common laboratory reagent, combined with sonication,
heating, and shaking, and finally vacuum filtration to separate CORT extracts from
feather pieces (Bortolotti et al., 2008). Feather CORT appears to be stable over time
and with heating (Bortolotti et al., 2009). It also appears to be related to another,
longer-standing feather-based measure of stress, the presence of fault bars, pale bands
associated with acutely stressful events during feather growth (Jenni-Eiermann et al.,
2015; Bortolotti et al., 2009). Before using feather CORT to answer ecologically
relevant questions, it is important to understand just what feather CORT is assessing
and how it relates to more traditional measures of CORT in the blood.
Several studies have assessed the relationship between CORT in the feather
and CORT in the blood since Bortolotti et al. described the technique in 2008. Thus far,
it appears that CORT in feathers is responsive to 5-day-long blood CORT elevation by
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slow-release implants (Lattin et al., 2011), daily CORT injections over several weeks
(Fischer et al., 2017), 72-hour CORT administration through drinking water (Weimer et
al., 2018), and CORT inhibition via dexamethasone treatment (Hõrak et al., 2013). In all
cases, pharmacological alterations in blood CORT were directly related to proportional
changes in feather CORT.
Other experiments have revealed more complicated relationships. In free-living
tree swallow nestlings that received CORT implants, feather CORT was positively
correlated with both baseline and stress-induced CORT, but only in the middle of the 5day treatment period, when blood CORT was highest (Fairhurst et al., 2013a). In rock
pigeons (Columba livia) implanted with CORT pellets, plasma CORT was correlated
with feather CORT only in feather segments that were in the blood quill at the time of
blood sampling (Jenni-Eiermann et al., 2015). Captive house sparrows (Passer
domesticus) treated with CORT implants or metyrapone implants (which reduce
glucocorticoid synthesis) showed no statistically significant difference in feather CORT
from controls unless capture site, sex, and background feather CORT were taken into
account (Aharon-Rotman et al., 2017). Taken together, these three studies highlight the
importance of considering factors such as sample timing when interpreting feather
CORT data.
Pharmacological studies provide important evidence that blood and feather
CORT are correlated. However, while useful in validating the technique itself,
exogenous alterations to CORT are often more exaggerated than natural hormone
responses and might preclude normal CORT regulation by the body. Thus, it is also
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important to consider how feather CORT relates to endogenous changes in CORT in a
controlled environment. It should be noted that feather CORT and blood CORT are not
expected to always be related, especially when pharmacological interventions are not
employed, as they represent CORT levels over different time spans. With this in mind,
in captive red-legged partridges (Alectoris rufa), for example, stress-induced CORT, but
not baseline, was correlated with CORT in experimentally induced feathers (Bortolotti et
al., 2008). While the lack of a relationship with baseline CORT was somewhat
surprising, the researchers hypothesized that the capture stress required to measure
acute CORT had an outsized effect on CORT deposited in the feather, as the birds
were under no other stressors in a captive environment with unlimited food, water, etc.
(Bortolotti et al., 2008).
Although blood CORT was not directly measured, several additional captive
studies have assessed feather CORT to answer questions about stress and fitness in a
controlled environment. Feather CORT was positively related to energetic demand in
mallard (Anas platyrhynchos) ducklings whose "workload" was experimentally increased
through the use of weighted backpacks and elevated feeding platforms (Johns et al.,
2018). Further, in captive-bred bald ibis (Geronticus eremitus), higher reproductive
success was associated with lower feather CORT (Monclús et al., 2020). Feather
CORT was also sensitive to changes in environmental enrichment for captive Clark’s
nutcrackers (Nucifraga columbiana), although it was not related to exploration, feeding,
or activity levels (Fairhurst et al., 2011).
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A number of groups have also examined the impact of food stress on feather
CORT in the lab. Food stressors represent realistic challenges that free-living animals
are expected to face that might induce a natural elevation in endogenous CORT.
Interestingly, in wild-caught European starlings, although feather CORT was impacted
by exogenous CORT administration, there was no difference in feather CORT between
nutritionally stressed birds and controls (Fischer et al., 2017). It should be noted,
however, that there was also no difference in baseline or stress-induced blood CORT
between groups sampled at the end of the 38-day unpredictable food removal regime,
and the study was conducted during a taxing induced molt of 12 feathers (Fischer et al.,
2017). However, in nutritionally stressed (~67% restriction) Caspian tern (Hydroprogne
caspia) chicks, food stress did cause an increase in baseline and stress-induced blood
CORT, although feather CORT in these same birds displayed the opposite trend and
was lower than in controls (Patterson et al., 2014). This highlights the importance of
considering how stress, especially calorie restriction, might impact the mechanics of
CORT deposition into the feather. In nutritionally stressed (~50% restricted) captivereared rhinoceros auklet (Cerorhinca monocerata) fledglings, feather CORT was higher
under food stress, and none of the ten other steroid hormones sampled from feathers
showed any change with stress treatment (Will et al., 2019). In another study of captive
rhinoceros auklet chicks under the same food stress regime, proximal, middle, and
distal feather segments all had higher CORT in food-stressed birds, but blood CORT did
not differ between the two groups and was not related to feather CORT (Will et al.,
2014).
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Given the promising results observed in laboratory studies, feather CORT has
been employed to answer a wide variety of questions in the field as well, holding appeal
as a noninvasive and facile bioassay. Several such studies build on findings related to
nutritional manipulations in the lab, assessing experimental or naturally occurring
differences in food quality and availability in the wild. In food-supplemented free-living
Atlantic puffin (Fratercula arctica) nestlings, there was no difference in blood or feather
CORT between treatment groups, although feather CORT was positively related to body
mass gain across both groups (Kouwenberg et al., 2015). However, in foodsupplemented house sparrows, chick feather CORT was higher among supplemented
birds, but only early in the breeding season (Hudin et al., 2017). These supplemented
nests also tended to have more chicks overall and showed greater between-sibling
variability in feather CORT, both of which could help explain the unexpected elevation in
feather CORT in the presence of additional food resources (Hudin et al., 2017). Food
supplementation in Canada jays (Perisoreus canadensis), on the other hand, was
associated with lower nestling feather CORT than in un-supplemented birds in one year
of the study, although the groups did not differ in another year of study (Freeman et al.,
2019). In free-living rhinoceros auklets, feather CORT was related to dietary changes
across seasons, years, and colony sites, as well as the energy content of food delivered
by parents, with feather CORT increasing with less "healthy" food (Will et al., 2015).
Further, feather CORT in fledglings was related to parental feather CORT (Will et al.,
2015). In free-living Dupont's larks (Chersophilus duponti), feather CORT was reduced
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in birds with an isotopic indicator of more abundant arthropods in the diet (Fairhurst et
al., 2013b).
Feather CORT has also been assessed in relation to several other stressors,
some of which had an impact on feather hormone levels. Feather CORT appears to be
sensitive to stressful changes in weather. Nestling black kites (Milvus migrans)
exposed to low ambient temperature had higher feather CORT (López-Jiménez et al.,
2016); higher summer temperatures were associated with higher feather CORT in
common eiders (Legagneux et al., 2013); and house sparrows sampled from areas
across Mexico that experienced lower precipitation during the rainy season and lower
temperatures in the dry season also showed higher feather CORT (Treen et al., 2015).
In rhinoceros auklets, although feather CORT did not vary between colonies, feather
CORT was higher in favorable cold-water years than it was in less ideal warm-water
years (Kouwenberg et al., 2016), a somewhat unexpected relationship that could be due
to larger broods leading to greater inter-nestling competition during favorable years.
Although temperature and food are better studied, several other stressors have
also been assessed with regard to effects on feather CORT. Great tit (Parus major)
nestlings exposed to artificial nighttime light in nest boxes exhibited elevated feather
CORT (Grunst et al., 2020). In adult smooth-billed anis (Crotophaga ani), which form
social groups during breeding, birds in large social groups had higher feather CORT
than birds in smaller groups (Robertson et al., 2017). Habitat fragmentation was
generally not associated with feather CORT across eight species of Amazonian birds,
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except for a subset of antwarblers (Hypocnemis species), which exhibited increasing
feather CORT with decreasing fragment size (Bicudo et al., 2020).
Feather CORT has also been used to ask numerous questions related to the
fitness of wild birds. Feather CORT appears to be a good predictor of survival, with
several studies indicating that higher feather CORT was predictive of which individual
birds did not survive a study period. This was observed in Eurasian sparrowhawks
(Accipter nisus) admitted to a rehabilitation center (Monclús et al., 2017), wild-caught
greenfinches (Chloris chloris) (Lind et al., 2020), free-living house sparrows (Koren et
al., 2011), and common eiders experiencing an avian cholera outbreak (Harms et al.,
2014). However, non-breeding feather CORT was not predictive of survival or
reproductive success in breeding cerulean warblers (Setophaga cerulea) (Boves et al.,
2016).
The relationship between breeding outcomes and feather CORT are equivocal.
Free-living rhinoceros auklet fledglings at colonies with lower reproductive success had
higher feather CORT than fledglings in better performing colonies (Will et al., 2014). In
great tit nestlings in experimentally decreased or enlarged broods, higher feather CORT
was associated with lower fledging success only in enlarged broods in a coniferous
forest, but not in the deciduous habitat studied (Lodjak et al., 2015). In female harlequin
ducks (Histrionicus histrionicus), individuals that deferred breeding tended to have
higher CORT in feathers grown in on wintering grounds (Hansen et al., 2016). These
three studies, as well as the study by Monclús et al. (2020) in captive bald ibis, all
suggest that feather CORT is related to breeding effort and fecundity. More successful
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subsequent reproductive output was associated with higher wintering feather CORT
levels in Cory's shearwater (Calonectris borealis) (Pérez et al., 2016). In incubating
great skua (Stercorarius skua) females, however, there was no relationship between
feather CORT and fledgling success, clutch size, or lay date (Bourgeon et al., 2014).
Nor was feather CORT predictive of reproductive success in female tree swallows
(Harris et al., 2017). Taken together, when examining the relationship between feather
CORT and fitness, it is important to consider when the feathers sampled grew in,
environmental conditions on wintering and breeding grounds, and species differences.
Feather CORT has been studied in the context of several other physiological
endpoints related to overall stress. In rehabilitated Eurasian sparrowhawks, birds in
poorer condition, as measured by pectoral muscle mass, had higher feather CORT,
although birds with very severe muscle atrophy did not differ from individuals in good
condition (Monclús et al., 2017). In cerulean warblers, however, higher body mass and
better condition were both associated with higher feather CORT (Boves et al., 2016). In
northern saw-whet owls (Aegolius acadicus), on the other hand, feather CORT was
unrelated to body condition or blood parasite load (Warne et al., 2015). Feather CORT
was also not related to measures of adaptive or innate immunity, or body condition, in
tree swallow nestlings near oil sands sites (Harms et al., 2010). Further, feather CORT
measured in house finch (Haemorhous mexicanus) juveniles did not predict immunity,
parasite load, body mass, or oxidative damage several months later (Sepp et al., 2018).
In barn swallows (Hirundo rustica), feather CORT was negatively correlated with feather
growth rate and declined with age but did not change across the breeding season
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(Adámokvá et al., 2019). In long-lived black kites, feather CORT was also higher in
younger birds and generally decreased with age except in very old birds (LópezJiménez et al., 2017). Feather CORT was negatively correlated with body size in adults
and body condition in nestlings in black kites as well (López-Jiménez et al., 2016). In
house sparrows, feather CORT was positively correlated with urbanization but not with
body mass or condition (Beaugard et al., 2018).
Assaying CORT in feathers is a relatively newly described measure, with most
feather CORT studies published in the last ten years. Thus, there is potential to ask a
variety of new and interesting questions with this novel methodology. Feather CORT is
much more integrative than plasma CORT and not confounded by the effects of
handling (Romero and Fairhurst, 2016), making it particularly useful in examining how
changes in the environment might influence stress over longer timespans. This makes
it especially valuable in assessing the effects of contaminants, like Hg, that are
deposited in feathers.

V. Mercury and feather corticosterone
Measurement of CORT and Hg in the same feather could prove to be a powerful
monitoring tool, allowing researchers to co-localize CORT fluctuations with Hg exposure
even if individual history is unknown. Unlike some contaminants, Hg is deposited
endogenously in feathers in its methylated form (Hahn et al., 1993; Thompson and
Furness, 1989). Like CORT in feathers, feather Hg is stable over time (Appelquist et
al., 1984). There has been only one published study, to my knowledge, examining the
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relationship between feather Hg and feather CORT. Meillère et al. (2016) examined
variation in feather CORT in free-living common blackbirds (Turdus merula) with degree
of urbanization and trace metal content in feathers. Feather CORT was positively
related to feather Hg, although feather Hg did not vary with degree of urbanization
(Meillère et al., 2016). However, even the highest Hg levels examined in that study
(approximately 2 µg/g feather Hg) were well below the threshold at which negative
impacts would be expected. Another recent study compared feather CORT to blood
contaminant levels in red kite (Milvus milvus) chicks, finding that feather CORT
increased with increasing blood Hg concentrations in interaction with blood Pb levels
(Powolny et al., 2020). This is similar to work by Herring et al. (2018), in which elevated
fecal CORT levels were observed in birds with both high Hg and Pb.
A few additional studies have examined the effect of other environmental
contaminants on feather CORT; these provide some additional context for how feather
CORT might be used to better understand the impacts of Hg exposure. In Eurasian
sparrowhawks, feather CORT was positively correlated with liver concentrations of
manganese, cobalt, copper, molybdenum, cadmium, and arsenic, although
concentrations of these metals and metalloid were also highly correlated with each
other (Strong et al., 2015). This suggests that perhaps feather CORT is sensitive to
multiple contaminants. The comparison of liver tissue contaminant concentrations with
CORT in feathers does potentially confound temporal patterns, but as the authors point
out, liver concentrations better reflect accumulation of contaminants over time than
blood (Strong et al., 2015). Monclús et al. (2019) tested for forty different persistent
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organic pollutants (POPs) in the feathers of cinereous vulture (Aegypius monachus)
nestlings and found a positive relationship between feather concentrations of the most
persistent POPs tested and feather CORT. Contaminant exposure was also associated
with higher feather CORT in northern gannets (Morus bossanus); when sampled at
breeding grounds, birds that had wintered in a location impacted by an oil spill had
higher CORT in feathers grown in during that winter (Champoux et al., 2020). On the
other hand, increasing levels of blood perfluoroalkyl contaminants were associated with
lower levels of feather CORT in nestling white-tailed eagles (Haliaeetus albicilla)
(Løseth et al., 2019). Finally, no relationship was observed between feather CORT and
air contaminant exposure in nestling tree swallows. Swallows in boxes near oil sands
sites did not differ in feather CORT compared to birds at reference sites, despite
elevated levels of four of the five air contaminants tested, measured by air monitors at
nest boxes (Cruz-Martinez et al., 2015).
The existing studies of the relationship between contaminants and feather CORT
are difficult to compare, since they all examined different types of contaminants,
different species, different life stages, and different tissues. However, these studies
suggest that feather CORT might be sensitive to contaminant levels, with the majority of
studies finding a positive relationship between contaminant concentration and feather
CORT. This is likely due to longer term changes in HPA axis function in response to
contaminant exposure. Based on these findings, it is worth further testing the
usefulness of feather CORT as a bioassay for contaminant-associated stress.
However, no rigorous controlled laboratory studies of feather CORT and contaminant
26

exposure have been performed to date. Thus, it is difficult to rule out the possibility that
other factors, such as poorer diets, might have contributed to the results observed in
currently available data. For this reason, I tested the effect of environmentally relevant
levels of Hg exposure on feather CORT in a rigorously controlled captive setting.
Since feather CORT might be confounded by feather properties unrelated to
stress physiology, I also tested the relationship between CORT in feathers and their
color. I additionally examined the impact of Hg on feather color, an understudied but
physiologically and behaviorally relevant quality. I was interested in examining both the
direct effects of Hg on feather color, as well as indirect effects of Hg-mediated changes
in CORT on color.

VI. Feather color and corticosterone
The measurement of CORT and contaminants in feathers is minimally invasive
and potentially very informative. However, given that feathers are not the primary
physiological target of CORT or contaminants themselves, it is important to consider
properties of the feather itself that might confound measurements. Feather color is
another easily assessed property that might impact the amount of CORT in a feather
independent of or in tandem with circulating CORT or Hg. Yet, feather color is relatively
under-studied in the context of Hg contamination and CORT deposition.
The wide array of feather colors seen in birds are the result of three primary
mechanisms of coloration – dietary carotenoid pigments, endogenously synthesized
melanin pigments, and structural colors produced by the physical arrangement of the
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feather. Carotenoid-based reds, oranges, and yellows are directly related to diet (Brush
and Power, 1976), and they appear to be an honest signal of access to resources and
robust immunity (Hill 1990; Hill 1991; Simons et al., 2012). Given their strong
correlation with diet, it is presumed that if carotenoid pigmentation and CORT are
related, it is an indirect relationship. In both house finches and common redpolls
(Acanthis flammea), there was a positive association between degree of carotenoid
pigmentation and CORT in males only (Fairhurst et al., 2013a; Lendavi et al., 2013).
Yet a higher degree of red brightness was associated with lower feather CORT in redwinged blackbirds (Agelaius phoeniceus) (Kennedy et al., 2013), and there was no link
between coloration and CORT in juvenile house finches (Sepp et al., 2018).
Melanin pigmentation, on the other hand, might be more directly linked to
circulating stress hormones than diet-derived carotenoids, through mechanisms
explained below. If melanin is related to circulating CORT, there might be a detectable
relationship between melanin-based color and feather CORT, both of which could be
measured in the same feather. Melanin is produced by specialized cells called
melanocytes. Melanocytes develop from unpigmented precursor cells called
melanoblasts, which migrate to the epidermal and dermal tissues, where they eventually
differentiate into pigment-producing cells (Dupin and Le Douarin, 2003). Once localized
at developing feather follicles, melanoblasts multiply and mature into melanocytes that
deposit pigment-producing organelles called melanosomes along the length of
developing feathers, giving them color (Yu et al., 2002). The resultant melanin pigment
granules in feathers come in two varieties: eumelanin, which usually appears black,
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brown, or gray, and pheomelanin, typically giving a reddish or buff color (Jimbow et al.,
1976).
Melanin-stimulating hormone (MSH) is a melanocortin hormone that regulates
the production of melanin. Another familiar melanocortin is adrenocorticotropin
hormone (ACTH), which is released by the pituitary and stimulates CORT secretion
from the adrenals. Both melanocortins – one involved in color production and another
in the stress response – are post-translational products of the same
proopiomelanocortin (POMC) prohormone and have the ability to bind to the
melanocortin receptors (MCRs; Ducrest et al., 2008). For this reason, POMC
expression is predicted to have pleiotropic effects, causing covariation of coloration and
behavior (Ducrest et al., 2008). ACTH stimulates CORT release by binding to MC2R in
the adrenal glands, and ɑ-MSH can increase stress resistance by binding hypothalamic
MC4R, thus reducing CORT secretion (Racca et al., 2005). So, more eumelanic
individuals should have better stress resistance, although the relationship to
pheomelanin might be different, since this melanin is only produced upon binding of
endogenous antagonists to MCRs (Ducrest et al., 2008). If this "pleiotropy hypothesis"
is indeed true, birds with a higher degree of eumelanin pigmentation should display
more robust negative feedback inhibition of the HPA axis, and would therefore exhibit a
shorter period of stress-induced elevation of CORT, with the response itself potentially
smaller in magnitude than in less melanistic individuals. In mammals, artificial elevation
of glucocorticoids has already been shown to suppress melanogenesis, resulting in
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decreased melanin pigmentation (Slominski et al., 2004). This provides supporting
evidence that the two systems might influence one another.
There is some evidence supporting the pleiotropy hypothesis in birds. Barn owl
(Tyto alba) nestlings with larger eumelanistic spots mounted a significantly lower CORT
response to restraint than less melanistic individuals, supporting the idea that higher
melanism might be associated with a weaker glucocorticoid response (Almasi et al.,
2010). In a cross-fostering experiment in barn owls, nestlings sired by mothers with
larger melanistic spots showed lower baseline CORT after implantation with a CORT
pellet than those sired by small spotted mothers, suggesting a maternal or genetic effect
of melanism on the ability to regulate the stress response (Roulin et al., 2008).
Similarly, male barn swallows with experimentally reduced broods that had darker belly
feathers (a trait associated with a greater proportion of pheomelanin relative to
eumelanin) exhibited higher baseline and stress-induced CORT, compared to paler
males under the same experimental conditions (Saino et al., 2013). Taken together,
these three studies suggest a more modest CORT response in more eumelanistic
individuals. However, the opposite effect was observed in red-legged partridges. Male
partridges with larger black, eumelanistic bands had higher feather CORT (Bortolotti et
al., 2008). These bars act as an important social signal in males, so greater elaboration
of this trait could be associated with greater dominance and aggressiveness, which
might be accompanied by higher CORT levels related to the stress and energy required
to maintain dominance. Jenkins et al. (2013) found no relationship between
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pheomelanin pigmentation and baseline or stress-induced CORT in free-living breeding
adult male and nestling barn swallows.
It is clear that more research is needed to further examine the relationship
between CORT and melanin pigmentation. Fortunately, feather color can be measured
non-destructively using UV-visual spectroscopy, in which a broad-spectrum light is
shined onto a sample and data is collected on the wavelengths of light reflected back to
the detector. Color, CORT, and Hg could therefore be measured from the same
feather, providing an easy and informative route to further examine their relationship.
Caution is needed in interpreting these data though, as there is some evidence that
CORT may bind more strongly to melanin pigments in the feather, as Jenni-Eiermann et
al. (2015) pointed out. Although this phenomenon has only been examined, to my
knowledge, in one paper thus far, it is an important consideration in accurately
interpreting feather CORT data. In humans, it is well-established that steroid drugs bind
more strongly to darker hair (Rivier 2000), although there appears to be no association
between human hair color and binding of the steroid hormones cortisol or cortisone
(Raul et al., 2004; Russell et al., 2012). On the other hand, Bennett and Hayssen
(2010) found less cortisol in the fur of black dogs compared to less melanistic yellow
dogs. Given the lack of research on this topic, it is unclear what the direction of the
relationship might be in birds. However, color is an important variable to consider in
studies of feather CORT, as it may impact the interpretation of results.
In addition to its relationship with melanin pigments, CORT may also impact the
display of structural colors. Structural colors are produced not through color-specific
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pigments, but rather by changing the way that light is scattered when it hits a feather.
This allows birds to access shades of blue, violet, and ultraviolet through changes to the
underlying feather barbs. In birds that exhibit structural colors, the inner spongy
medulla of the feather barbs contains a matrix of keratin bars and vacuoles of air,
generally of uniform spacing and diameter. As light passes through these vacuoles,
there is coherent scattering of the light, resulting in periodic constructive and destructive
interference of certain wavelengths that gives the observed color (Prum et al., 1998;
Prum 1999; Shawkey et al., 2003). In many species, melanin pigments act in concert
with structural color arrangements to absorb incoherently scattered light, thus making
the feather darker and purer in color (Shawkey and Hill 2006).
There is evidence that high circulating CORT during feather growth can alter
feather microstructure (DesRochers et al., 2009; Strochlic and Romero, 2008), which
might in turn result in changes to perceived feather color. Strochlic and Romero (2008)
and DesRochers et al. (2009) induced molt in captive European starlings by removal of
over half of their flight feathers, implementing stress manipulations during the regrowth
period, including CORT implants, chronic unpredictable food deprivation, and chronic
psychological stress. Treatment with CORT implants resulted in lighter rectrices with
more barbules, secondaries with more barbules, and a smaller inter-barb distance with
weaker barbicel hooking in all replaced feathers (DesRochers et al., 2009). Food stress
tended to increase the inter-barb distance in primaries and secondaries, decreasing the
number of barbules in primary feathers, and producing weaker feathers than nonstressed controls (DesRochers et al., 2009). Psychological stress increased rectrix
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inter-barb distance (DesRochers et al., 2009). Thus, all treatments altered feather
structure in some fashion, although any subsequent impact on feather color in this study
is unknown, as it was not quantified.
A few studies have examined the relationship between CORT and structural
colors more directly. In female blue tits (Cyanistes caeruleus), for example, more
intense UV plumage coloration in crown feathers, which is generated by feather
structure, was associated with lower baseline plasma CORT across several years
(Henderson et al., 2013). As elevated CORT levels during molt can be detrimental to
feather microstructure (DesRochers et al., 2009), the results of this study suggest that
those individuals with lower UV plumage coloration may have had higher circulating
CORT levels that disrupted proper development of microstructural elements that
produce UV coloration (Henderson et al., 2013). In eastern bluebirds (Sialia sialis),
however, males and females with greater UV hue and UV and violet saturation in rump
feathers had higher baseline CORT and were in better condition (Grindstaff et al.,
2012). It should be noted that CORT was measured in the blood during the breeding
season, while feathers would had grown in the previous year, so it is possible that this
relationship would have been different if examining feather CORT or blood CORT
during the feather growth period. In males only, interestingly, higher CORT was
observed in individuals with less bright but more blue saturated tail feathers (Grindstaff
et al., 2012), implying that higher CORT might be associated with alterations to feather
microstructure. This highlights the importance of considering sex differences in the
allocation of resources to plumage development. Specific plumage areas may
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experience different sexually selective pressures or communicate different social
signals in males compared to females. Although the data are sparse and mixed, it
seems that high CORT during feather growth impairs proper microstructure formation
and thus alters structure-based feather color. This should be reflected in changes in
UV, blue, or violet coloration, although changes could come from synergistic alterations
in melanin pigmentation as well, which often plays a role in structural color.
Considering the relationship between CORT and melanin- or structure-based
feather color is important for several reasons. Differences in color could indirectly affect
the amount of CORT deposited in a feather (Jenni-Eiermann et al., 2015), which would
necessitate measurement of feather color in tandem with feather CORT for proper
interpretation. On the other hand, an impact of CORT on melanin coloration, perhaps
related to MSH/ACTH pleiotropy, could also point towards melanin as an "honest signal"
of individual quality, similar to the more classically studied carotenoid pigments. If this
is indeed the case, then we might expect that stress-induced differences in melanin
pigmentation could make certain individuals less appealing to conspecifics and potential
mates. Finally, stress-induced perturbations in structural color might not only disrupt
color signaling, but they might belie underlying disruptions to feather quality that could
impair activities like flight. The question of the impacts of CORT on color is still open
but must be considered in any study of CORT in feathers.
It is also possible that contaminants like Hg might affect feather color, whether
indirectly by alterations to stress hormones, or by directly disrupting melanogenesis or
feather development. A few studies have shown changes in plumage color that suggest
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a decrease in melanin production in Hg-exposed birds. Increasing feather Hg was
associated with higher primary feather contrast and secondary feather brightness in
free-living female eastern bluebirds, and higher blood Hg was correlated with higher
feather UV chroma and contrast in males (McCullagh et al., 2015). Free-living male and
female belted kingfishers (Megaceryle alcyon) also displayed brighter blue chest
feathers with increasing feather Hg (White and Cristol, 2014). The color of the feathers
examined in these studies is produced by a combination of melanin pigmentation and
feather microstructural elements. It was hypothesized that the shifts in brightness and
UV reflectance observed might be due to chelation by Hg of tyrosinase, the rate-limiting
enzyme in melanin synthesis, thus reducing the production of dark melanin granules
and causing an increase in feather brightness (McCullagh et al., 2015; White and
Cristol, 2014). By contrast, zebra finches exposed to a controlled dose of dietary Hg
during early life only, adulthood only, or their entire lives, did not exhibit any Hgassociated changes in the color of melanistic back feathers, although life-long exposed
birds did display duller carotenoid-based beaks (Spickler et al., 2020). This suggests
that perhaps there is not a clear impact of Hg on melanogenesis per se, but instead an
endocrine-disrupting effect on sexually selected traits. Regardless, given the scarcity of
papers on this topic, more work must be done to test the effect of Hg on color.

VII. Present study
The present study sought to fill several gaps in the literature. There were four
primary aims: 1) determine the effect of chronic Hg exposure during adulthood on
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songbird baseline blood CORT levels in a controlled laboratory setting, both
independently and in combination with a chronic food stressor; 2) determine the effect
of Hg exposure and chronic food stress on feather CORT in a controlled laboratory
setting; 3) study the relationship between baseline blood CORT and feather CORT
when CORT levels were elevated by endogenous, non-pharmacological manipulations
(i.e., Hg exposure and food stress); 4) analyze the relationship between Hg exposure,
feather and circulating CORT, and feather color, to determine whether Hg or CORT
levels are related to coloration of melanistic flight feathers.
This investigation was carried out using a colony of captive zebra finches under
controlled conditions, to minimize the impact of other stressors. All study subjects were
randomly assigned to one four treatment groups: control diet and no additional stressor
(control); control diet and chronic, unpredictable food stress (food stress); Hg diet and
no additional stressor (Hg stress); or Hg diet and chronic, unpredictable food stress
(compound stress). Stress treatments lasted for the duration of the study period, to
induce chronic stress, and birds were only treated during adulthood, to separate the
impact of chronic adult Hg exposure from potential developmental defects incurred from
early exposure. To my knowledge, this is the first study to examine the effect of Hg on
the HPA axis in the context of an additional, rigorously controlled, non-pharmacological
chronic stressor. It also appears to be the first examination of the relationship between
feather CORT and feather Hg, with more than trace exposure, in the same feather.
I predicted that Hg diet only would elevate both baseline and feather CORT
levels compared to the negative control group, as birds must mobilize additional energy
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to depurate Hg and overcome Hg-related impairments. However, I predicted that Hg
and food stress combined might lead to a suppression of CORT levels as negative
feedback inhibition was activated under compounded stress conditions. I anticipated
that this would be measurable in blood but might not be detectable in feathers. It takes
time for the HPA axis to respond and adjust to chronic stress by initiating negative
feedback inhibition. Since feather CORT assesses CORT over several weeks, this
adjustment period could obscure the resultant suppression of CORT over time. Given
the lack of literature related to feather color in this context, a more exploratory approach
was taken. Based on previous literature, I predicted that birds with higher CORT might
have brighter, less melanistic feathers and lower UV chroma. Color might also interact
with treatment group, with Hg-exposed individuals displaying brighter, less melanistic
feathers than unexposed birds.
This novel approach provided further clarity on the effect of chronic Hg on the
songbird HPA axis and feather color and tested the usefulness of feather CORT as a
bioassay for stress due to Hg exposure.
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Chapter 2. The effect of dietary mercury and chronic food stress on blood and
feather corticosterone in captive zebra finches (Taeniopygia guttata)

I. Introduction
Mercury (Hg) is a persistent, global, and neurotoxic environmental contaminant.
Its natural release into the environment is accelerated by human activity and global
climate change (Selin, 2009; Stern et al., 2012), putting humans and wildlife at risk.
Following emission, Hg runs off into aquatic systems, where bacteria transform it into
bioavailable methylmercury (MeHg), which bioaccumulates up the food chain at
contaminated sites (Selin 2009). Although it is well-established that MeHg
bioaccumulates in aquatic animals, more recent evidence suggests that it also
accumulates in songbirds (passerines, members of the most diverse avian order,
Passeriformes) without direct connections to aquatic food webs (Cristol et al., 2008).
Environmental Hg is known to have a host of negative impacts on birds (Whitney
and Cristol, 2017), including songbirds, a rapidly declining taxon (Rosenberg et al.,
2019). However, the effects of Hg on songbirds are not well documented. Since Hg is
projected to continue to increase in the environment (Krabbenhoft and Sunderland,
2013; Spiegel 2017), it is critical that we better understand its effects on wildlife,
especially understudied taxa such as songbirds.
One target of particular interest is the environmentally sensitive HPA axis, which
is responsible for maintaining the “fight or flight” response critical to survival, through
secretion of the hormone corticosterone (CORT). Under real or perceived danger, the
CORT-mediated stress response shifts behavior and physiology, redirecting processes
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towards survival until the stressor has abated (Charmandari et al., 2005; Sapolsky et al.,
2000). At rest, baseline circulating CORT aids in regulating processes such as immune
function, blood glucose, appetite, activity, and synaptic plasticity, while also keeping
animals prepared to respond adaptively to stress (Sapolsky et al., 2000). Changes in
CORT over the annual cycle also help regulate processes such as molt, breeding, and
survival of harsh winter conditions (Lattin et al., 2013; Romero et al., 1997; Romero and
Remage-Healey, 2000; Romero et al., 1998). Thus, the HPA axis, through CORT,
plays a critical role in the adaptive response to both predictable and unpredictable
stressors.
The HPA axis can also respond rapidly to environmental perturbations, resulting
in potentially long-lasting changes to behavior and physiology (Gore 2010). Thus, it is
an important system to consider in the context of persistent environmental
contaminants. Because CORT is the most long-lived hormone of the HPA axis system,
changes in CORT with exposure to contaminants such as Hg would suggest an effect of
exposure on the HPA axis. In the case of Hg, this could occur through direct
perturbation because of Hg accumulation in tissues, or it could be due to an adaptive
stress response to the presence of the toxicant. Regardless of the mechanism,
prolonged elevation of CORT can be damaging (Costantini et al., 2011; Sapolsky et al.,
2000; Wingfield, 2005), and suppression of CORT might prevent birds from mounting an
adaptive stress response. Thus, it is important to understand how Hg might affect
CORT secretion in songbirds.
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Presently, the effect of Hg on the avian HPA axis is poorly understood, with the
current literature providing conflicting results (Whitney and Cristol, 2017). Further, only
four studies have examined the relationship between Hg and CORT in songbirds. Freeliving tree swallow (Tachycineta bicolor) nestlings at Hg-contaminated sites exhibited
elevated stress-induced CORT early in nesting, but then showed elevated baseline
blood CORT and a suppressed stress response compared to birds on reference sites
when they were older and closer to fledging (Wada et al., 2009). Free-living adult and
nestling tree swallows at a different site showed no change in acute (i.e., stressinduced) CORT compared to reference birds, but did exhibit suppressed baseline blood
CORT (Franceschini et al., 2009). Acute CORT was suppressed in captive, breeding
zebra finches (Taeniopygea guttata) that experienced lifelong Hg exposure, although
Hg had no statistically significant effect on baseline CORT (Moore et al., 2014). But
another study on breeding zebra finches exposed to Hg as adults demonstrated that
although breeding stage affected CORT, Hg exposure did not (Maddux et al., 2015).
With limited information available from songbirds, the direction of effect of Hg on
baseline and stress-induced CORT is equivocal, but Hg clearly can alter HPA axis
functioning under some conditions.
I sought to better understand the effects of Hg exposure on the avian HPA axis
using a model songbird, the zebra finch. I was interested in examining the effect of a
controlled, environmentally relevant dose of dietary Hg on CORT with adult exposure
only, to control for any complex effects of exposure during development. Further, I
sought to examine the effect of dietary Hg on its own, as well as in conjunction with
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another systematic and biologically relevant stressor – chronic, unpredictable food
deprivation. I reasoned that this might better approximate conditions in the wild, where
birds are exposed to Hg as well as other unpredictable stressors.
I also tested the usefulness of a newer technique for assessing HPA axis
function – CORT in feathers. Circulating CORT is deposited along the length of
feathers as they grow, when they are supplied with blood (Bortolotti et al., 2008). Once
feathers are fully grown in and their blood supply is cut off, CORT in the resultant
feathers is a stable, integrative representation of “average” CORT over the several
weeks of feather growth (Romero and Fairhurst, 2016). Feather CORT is therefore
potentially useful in assessing stressors that act over longer timescales, since blood
CORT captures CORT levels only at the moment of sampling. Birds living at Hgcontaminated sites experience chronic, sublethal Hg exposure for months to years.
Thus, it might be more useful to assess stress related to Hg exposure using feather
CORT, which assesses stress physiology over a longer time frame. Additionally, Hg is
endogenously deposited into feathers during growth (Hahn et al., 1993; Thompson and
Furness, 1989), making it potentially possible to co-localize Hg exposure and CORT
response without tracking a bird’s history.
Only one study to date has examined both feather Hg and feather CORT, finding
that in common blackbirds (Turdus merula), feather CORT was positively related to
trace feather Hg levels (Meillère et al., 2016). More recently, Powolny et al. (2020)
compared feather CORT and blood Hg and Pb, revealing that feather CORT increased
with increasing blood Hg in interaction with blood Pb in red kite (Milvus milvus) chicks.
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Several additional studies have examined the effect of other contaminants on feather
CORT, with mixed results (Champoux et al., 2020; Cruz-Martinez et al., 2015; Løseth et
al., 2019; Monclús et al., 2019; Strong et al., 2015). None have attempted to examine
the effect of contaminant exposure on feather CORT in a controlled environment, so the
present study is the first of its kind.
The goal of the present study was to better understand the effect of Hg exposure
on the songbird HPA axis under both Hg stress alone and Hg combined with food
stress. The effect of these stressors was assessed using more traditionally measured
baseline blood CORT, as well as feather CORT, to determine whether feather CORT
was responsive to experimental treatment and also to investigate its relationship to
blood CORT within individuals. Using a repeated-measures design, CORT in pre- and
post-treatment feathers could be examined in every individual in the study and
compared to baseline blood CORT sampled during stress treatment. By measuring
CORT and Hg in the same feather, I also tested the usefulness of feather CORT as a
bioassay for stress directly related to Hg exposure. I further assessed stress physiology
by measuring individual body weight before treatments began and during stress
treatments, since chronic changes in CORT are often associated with changes in body
mass.
I predicted that Hg stress alone would elevate both baseline and feather CORT
compared to the control group, as birds must mobilize energy to depurate Hg and
overcome Hg-related impairments. On the other hand, I predicted that Hg exposure
and food stress combined might lead to CORT suppression, as negative feedback
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inhibition turned on in response to high circulating CORT. While this should be
measurable in blood, it might not be detectable in feathers, as there may be an
adjustment period before negative feedback inhibition begins that obscures the resultant
suppression of CORT over time when examining feather CORT.
This novel approach helps improve our understanding of the potential endocrinedisrupting effects of Hg on the songbird HPA axis. It additionally provides information
on the possibility of measuring co-occurring feather CORT and feather Hg, which could
have applications in reconstructing an individual’s history of contaminant stress. By
further testing the feather CORT assay in a rigorous, controlled manner, several
methodological considerations are raised as well.

II. Methods
Animal subjects
Mercury-naive captive zebra finches were housed communally in large free-flight
indoor aviaries (room dimensions approximately 3.2 length x 3.7 width x 2.5 height m)
on the campus of William & Mary in Williamsburg, VA and allowed to breed under
standard long-day lighting conditions (14L:10D). Offspring were reared by their parents
until independence (determined by ability to feed independently and fly when
approached), at which point they were banded and transferred to one of two communal
indoor holding rooms of the same dimensions until use in this experiment.
Offspring reached sexual maturity in these holding rooms (80-100 days old),
determined based on approximate hatch date and plumage and beak coloration. During
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this time, birds were trained to eat food from dishes inside an 85 L clear, translucent
Sterilite® storage container in preparation for the experimental treatment. This storage
container had high sides which prevented any seeds from spilling onto the floor and
thus would later allow rapid removal of food from experimental groups. Sexually mature
finches were then randomly assigned to one of 4 treatment groups, and one of 2
possible rooms per treatment group. Birds were all 110+ days old by the time
treatments began.
The zebra finches used for this study were bred over a 6-month period, in
communal colonies that prevented parentage from being known. Care was taken to
ensure that birds of similar maturity (within ~5 days) were sorted evenly across all 4
treatment groups and rooms, to reduce the chances that birds from the same clutch
ended up in the same room. Thus, treatment groups were approximately age-matched,
as well as sex-ratio matched.

Treatment group setup
Sexually mature birds were randomly assigned to one of 4 treatment groups, with
2 rooms per treatment group: 1) control diet only (“control”); 2) control diet and chronic
food stress, achieved through unpredictable daily 4-hour food removal (“food stress”); 3)
Hg diet only (“Hg stress”); 4) Hg diet and chronic food stress (“compound stress”). Birds
in each treatment group were housed in a separate communal room of 14 birds total (5
females and 9 males). Each of the 4 treatment groups was replicated in 2 separate
buildings, resulting in 28 total individuals per treatment spread across 2 rooms (Figure
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1). All 8 groups were treated on the same timeline, and the area of floorspace, lighting,
temperature, humidity, and room layout were standardized across the rooms in each
building.

Figure 1. Treatment Groups. Sexually mature zebra finches were randomly assigned to a building and
treatment group, as illustrated. There were 2 rooms per treatment, each with 14 birds, and all treatments
in both buildings were run at the same time. Each room had 5 females and 9 males, and all 8 rooms
contained birds with a similar age distribution.

Each room was outfitted with one large water dish and two water bottles; all
water was supplemented with Ecotrition Vita-Sol avian multi-vitamin. Each room also
received one piece of cuttlebone for beak conditioning and calcium supplementation
and a cup of crushed oyster-shell digestive grit, both replaced weekly, as well as 2
standing perches with many branches on opposite sides of the room. All food was
placed in shallow dishes inside a single 75.6 x 47.6 x 34.3 cm plastic storage container
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per room. Figure 2 is a photograph showing the general layout of each experimental
room, including a picture of the plastic food bin.

Figure 2. Standard treatment room layout. All treatment rooms were set up with two perches (same
two types as pictured across all rooms) on opposite sides of the room, one 75.6 x 47.6 x 34.3 cm plastic
bin/container with food and digestive grit, one piece of cuttlebone, vitamin-treated water, and a strip of
paper that could easily be removed for cleanup. All rooms were standardized in size (some using a
constructed barrier, as pictured), lighting, temperature, and humidity. The photograph pictured here was
taken using a wide-angle lens to capture the entire room, so scale is not exact.

Once all individuals were assigned to their respective treatment rooms, all birds
were gradually transitioned from their lifelong diet of whole millet seeds to a nutritionally
complete diet of Zupreem® “FruitBlend for very small birds” (cat. no. 230300). They
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were then transitioned from long-day (14L:10D) to short-day (10L:14D) lighting
conditions by shortening the length of the lighted period by 30 minutes every 3 days.
There were 10 deaths over the course of this study. Of these, 6 deaths occurred
during the transition period before experiments had started, when birds were in the
experimental rooms and food was gradually changed from millet to Zupreem and
photoperiod was shortened to a 10-hour day. Therefore, these birds were replaced with
individuals of the same sex and similar age prior to the start of the experiment and were
included in all analyses. However, 4 birds died during the treatment period. Of these, 2
deaths occurred very shortly after initiation of the experiment, well before food stress
had started and prior to blood or feather sampling. One bird in the Hg stress group died
3 days into the experiment, and another from the control group died 5 days in. These
birds were replaced with birds of the same sex and similar age. Since replacement
occurred before any tissue sample collection, these birds were included in the study and
subsequent analysis. These 2 substitute birds were not included in any analyses of
body mass, however, as a starting mass was not obtained.
The 2 additional deaths occurred well into the experiment, after sampling of the
first feather, but prior to blood or post-treatment feather sampling. Although a feather
could be recovered from both birds, it was only partially grown, so both individuals (one
from the food stress group and one from the Hg stress group) were excluded from
analysis.
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Food preparation and addition of Hg
Figure 3 illustrates, in detail, the experimental timeline, including sampling days.
Fourteen days prior to initiating the chronic food stress treatment, birds in the Hg stress
and compound stress treatments were transitioned from untreated food pellets onto
food pellets mixed with an environmentally relevant level of methylmercury-cysteine
(MeHg-Cys, 1.2 mg/kg, hereafter “ppm” for parts per million by weight). Birds in the
control and food stress groups were transitioned to control food pellets, which had been
treated with cysteine and water, but no Hg. The assigned diet was maintained
throughout the experiment, with ad libitum food refreshed daily. Food stress began 2
weeks later for the food stress and compound stress treatments, as described in the
next section.
To prepare treated food, an aqueous stock solution of MeHgCl was prepared
from 0.1 mg solid MeHgCl and 20 mL 100% ethanol (EtOH). From this, a 40 ppm stock
solution was then prepared. First, 1.98 L deionized water was degassed with nitrogen
for 30 min. To this, 0.1 g L-cysteine (Cys) was added, and the space above the liquid
was blanketed with additional nitrogen gas. Then 40 mL MeHgCl stock in EtOH was
added, and the mixture was stirred for at least 5 min. The exact concentration of the 40
ppm MeHg-Cys stock was then quantified using the Direct Mercury Analyzer (Milestone
DMA-80; n = 5 samples tested for each batch), and the resultant concentration was
used to calculate the volume of stock required to prepare approximately 1.2 ppm MeHgtreated food pellets.
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This aqueous solution of approximately 40 ppm MeHg-Cys was diluted further
with deionized water to produce a 12 ppm solution. This was then added to Zupreem
pellets and thoroughly mixed in a tumbler for 30-60 min. After mixing, food was tested
for Hg content on the Direct Mercury Analyzer, to ensure that the final concentration
was within 25% of the target of 1.2 ppm (0.90 – 1.5 ppm).
To prepare the control solution, 2 L of deionized water was degassed with
nitrogen for 30 min, and then 0.1 g L-Cys was added. After blanketing the unoccupied
space with nitrogen, this Cys water was stirred for 5 min. Then the Cys water stock was
diluted 1:6 with deionized water, up to the same total volume that was used for Hgtreated food. This was then added to a proportional amount of food pellets and was
tumbled in the same way as the Hg diet. The resultant food was tested on the Direct
Mercury Analyzer to confirm the absence of anything but trace Hg. Both control and Hg
diets were frozen at -20 ℃ until use.
To reiterate, all Hg stress and compound stress treatment birds received Hgdosed diet throughout the experiment, and all control and food stress treatment birds
received the Cys water control diet throughout the experiment. On average, Hg-treated
food used in this study contained 1.03 ppm MeHg (SD = 0.084), and control food
contained 0.0037 ppm (SD = 0.0016).
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Figure 3. Experimental timeline. Shown are the start days of treatments as well as the sampling days
over the course of this experiment. Birds were maintained on their assigned Hg/control diets for the
duration of the study, while food stress occurred for a 25-day period shortly after feather sampling.

Chronic food stress treatment
On the seventeenth day after Hg or control diets began (Figure 3), chronic,
unpredictable food removal was initiated for the food stress and compound stress
treatment groups, based on the protocol published by Strochlic and Romero (2008).
Implementation of this portion of the treatment was delayed until Day 17 to allow the Hg
concentrations in birds’ tissues to build up to levels that should result in physiological
stress before the actual data-gathering began. This food stress protocol was selected
because it has been shown to elevate baseline corticosterone (CORT) in a previous
study of songbirds (Strochlic and Romero, 2008).
For 25 consecutive days, food was removed for a period of 4 continuous hours
daily. The aim was to create an unpredictable stressor to which birds could not
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habituate. Food removal occurred between 09:00 and 13:00, to allow for at least 1 hr of
feeding after lights-on (08:00) and prior to lights-off (18:00) each day. Time of removal
was randomized by assigning a number from 1-9 to each time (in 30-min blocks)
between 09:00 and 13:00. A random number generator was then used to select time of
removal for each day of the study period.
During the food stress period, each room was entered, and the plastic food
container was removed and emptied. Food dishes inside the container were replaced
with empty dishes, and the container was then returned and left empty for the duration
of the daily food removal period. For non-stressed groups, the food bin was removed
from the room and then returned with food still present, to control for the effects of
disturbance. After 4 hours had elapsed, food dishes were returned to the bins of foodstressed rooms, and food dishes were simply lifted and returned in control groups,
again controlling for disturbance. Since all birds in this study were maintained on a 10hour light period, birds under food stress had 6 hrs total to eat each day.

Feather, blood, and weight samples
Just 3 days prior to initiation of Hg/control diets, all birds were weighed, to
determine pre-treatment body mass. Birds were then re-weighed when they were
caught for blood sampling over a 5-day timespan near the end of the experimental
period (17-23 days into food stress, and 33-39 days into Hg/control diet), in order to
determine body mass during stress treatment. This was done to determine whether
stress treatments caused a shift in body mass over the study period, as stress is often
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associated with changes in body mass (Sapolsky et al., 2000), especially nutritional
stress (Lyons and Roby, 2011; Strochlic and Romero, 2008).
To measure feather CORT directly related to the stress treatments, it was
necessary to pluck existing feathers and allow replacements to grow in during the
treatment. Thus, feathers were collected from all birds 3 days prior to initiation of the
chronic food stress, which was 14 days after the Hg-treated and control diets began.
Left and right primary 1 was sampled from all birds (Figure 4). Blood samples were
also taken from 2 birds per room at this time, to confirm blood Hg levels were as
expected. At this point in the study (2 weeks into Hg treatment), birds on Hg-treated
diet (n = 8) had, on average 6.78 ppm (SD = 1.44) Hg in whole blood, and control birds
(n = 8) had 0.0054 ppm (SD = 0.0039), both within expectations.
After the 25-day food stress was completed, feather regrowth was monitored
periodically. Exactly 1 month after the first feather sample, re-grown left and right
primary 1 were re-sampled from every individual. This re-sampling came 4 days after
the chronic food stress was completed, and 45 days into Hg/control diet treatment.
None of the re-sampled feathers still contained a blood quill, although some still had
partial feather sheaths, suggesting that it took approximately 1 month for most feathers
to re-grow. All pre- and post-treatment feather samples were stored in paper envelopes
within sealed plastic bags at -20 ℃ until use.
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Figure 4. Primary feather sampling. Before and after stress treatments, left and right primary 1 (P1)
was sampled from each bird include in the study. A depicts the location of P1 relative to P2-9 and the
secondary feathers on the right wing of a zebra finch. B shows right and left P1, sampled from the same
bird, before any manipulation, with the distal tip of the feather at the top of the frame.

Blood samples were also taken from all subjects to measure baseline blood
CORT levels. All blood samples were taken during the second half of the food stress
treatment, spanning 5 days between food stress day 17 and 23 (Hg diet days 33-39).
The extended period of sampling was necessary because samples for baseline blood
CORT must be completed within 3 min of entering a room, and thus only a few samples
could be taken from each room each morning. Blood was sampled from rooms in a
different order each day between 09:00-11:30, before food removal. Birds experienced
no prior disturbance on sampling days.
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Blood was sampled using a 30 G needle inserted into the brachial vein of the
wing and collected in a heparinized capillary tube. Once the capillary tube was filled,
total sampling time (from time of room entry) was recorded. Blood samples were then
immediately ejected from capillary tubes into sterile microcentrifuge tubes and spun
down for 5 min at 9,000 rpm on a portable centrifuge (Fisher Micro 7). Plasma was
separated from blood cells, and both fractions were frozen at -20 ℃. This protocol was
repeated until 108 of the 112 study subjects (96%) were sampled. On average, blood
samples took 136 sec (SD = 26 sec) to acquire from the time of room entry to filling the
capillary tube, after excluding the few samples that took greater than 180 seconds to
collect and were not used in analyses.

Corticosterone measurements
Blood CORT was measured in plasma using a commercially available iodine-125
double antibody radioimmunoassay (RIA) from MP Biomedicals (cat. no. 07120103),
following the provided protocol. Each plasma sample was assayed in duplicate. After
incubating samples with radiotracer and antiserum and precipitating the bound fraction
as described in the protocol, the resulting sample pellets were dissolved in 100 μL 1 N
sodium hydroxide for several minutes, and then 10 mL ScintiSafe liquid scintillation fluid
was added. Immediately following resuspension, radioactivity was counted using a
liquid scintillation counter (Beckman Coulter LS 6500 Multi-Purpose Scintillation
Counter) on the 125I setting, set to count each sample until a 2% sampling error was
achieved or 1 hour had elapsed. Counting was run overnight. The following day,
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samples were counted a second time, to control for background radiation and machine
errors. Both counts were utilized to estimate blood CORT levels. This was done by
separately calculating blood CORT based on radioactivity counts of the internally
provided standards for the first measurement on the scintillation counter, and then again
independently for the second round of measurements. The resultant concentrations
extrapolated from the two counts were then averaged together.
Blood CORT concentrations were extrapolated from a standard curve generated
from the CORT standards provided in the RIA kit, using the nplr (v 0.1-7) package in R
Studio (v 4.0.3) to perform a 4-parameter logistic regression. Average intra-assay
variation was 10%, and average inter-assay variation was 7% across 5 separate
assays, both within usual acceptable limits.
Feather CORT was extracted from both pre- and post-treatment feathers from
each individual, controlling for feather side (right or left) within individuals. Prior to
extraction, whole, unmanipulated feathers were weighed, and their lengths were
recorded. Then the calamus was removed with a scissors by cutting at the superior
umbilicus and was subsequently discarded. After calamus removal, feathers were
washed for 30 sec with 7 mL deionized water using a vortex mixer at half-speed, to
remove external dirt and debris. Feathers were then washed with 100% HPLC-grade
isopropanol for 3 min with gentle inversion to remove external oils. Isopropanol was
decanted off and feathers were allowed to dry overnight. The following day, all dried
feathers were re-weighed 3 times each on a fine balance, taking measures to reduce
static electricity (such as use of a ZeroStat anti-static gun) that can interfere with precise
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estimation of mass. The 3 weights were then averaged for each feather, and this
averaged post-wash weight, which excluded the weight of the calamus, was later used
to standardize feather CORT measurements by weight.
CORT was then extracted based on the protocol described by Bortolotti et al.
(2008). First, each pre-washed feather was chopped into tiny (< 5 mm2) pieces using a
clean dissection scissors. Feather pieces were placed into 20 mL plastic scintillation
vials with cone-lined spill-proof caps. To each feather, 7 mL 100% HPLC grade
methanol (MeOH) was added. Caps were tightly sealed with parafilm, and each sample
was gently mixed on a vortex mixer until all feather pieces were submerged in MeOH.
Samples were then sonicated for 30 min in a sonicating water bath. They were then
moved to a shaking water bath set to 50 ℃ and 180 rpm for overnight incubation (20-24
hours total).
After incubation, samples were allowed to come to room temperature. For each
sample, the CORT extract in MeOH was filtered off of the solid feather pieces into a
sterile 50 mL conical tube using a 0.2 μm PES vacuum funnel. The original sample vial
was washed twice with 3 mL additional MeOH, which was then filtered, and the filter
itself was washed once with 1-2 mL MeOH. The feather pieces left behind after filtering
were saved and dried overnight for later Hg analysis. CORT samples in MeOH were
also dried, either overnight at room temperature or for several hours under pressurized
air. When ~1 mL MeOH was left in the sample tube, the sides of the tube were washed
with an additional 1 mL MeOH. Once all MeOH had dried, samples were resuspended
in 500 μL aqueous enzyme-linked immunosorbent assay (ELISA) buffer and allowed to
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dissolve for 1 hr at room temperature. CORT samples were then spun down for 2 min
at 500 rcf in a tabletop centrifuge and transferred into sterile microcentrifuge tubes. All
samples were frozen at -20 ℃ until use.
Extraction recovery was determined by spiking 10 μL of ~11,000 cpm 3H-CORT
into minced feathers in MeOH before starting the extraction, as described by Bortolotti
et al. (2008). Radioactivity in 10 μL unmanipulated 3H-CORT was measured using a
liquid scintillation counter in 10 mL ScintiSafe fluid on the day of CORT extractions, to
estimate starting radioactivity. Once CORT was extracted, radioactivity was again
measured in the extract, and recovery was calculated based on the change in
radioactivity from start to finish. The recovery for this assay was approximately 86% (n
= 10). This is within the range seen in the literature for recovery following feather CORT
extraction. Several recent papers reported 89%, 97%, 96%, 67%, 86.5%, and 88.9%
recoveries (Will et al., 2015; Will et al., 2014; Treen et al., 2015; Strong et al., 2015;
Robertson et al., 2017; Patterson et al., 2014, respectively), all of which performed
similar extraction procedures.
Feather CORT samples were measured in triplicate using a commercially
available competitive ELISA kit from Cayman Chemical (cat. no. 501320), following the
provided protocol. The resultant colorimetric output was quantified using a
ThermoFisher Miltiskan FC microplate reader. CORT concentrations were then
extrapolated from the provided standard curve using the calculation sheet provided by
Cayman Chemical, which performs a log-logit regression using the provided standard
curve. The intra-assay variation for this ELISA was 21%, and the inter-assay variation
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was 19% across 11 plates. These numbers are substantially higher than values found
in published literature. Thus, this assay will be re-run prior to publication to confirm that
effects reported here are not impacted by variability in the ELISA.
Since the Cayman Chemical kit was originally developed for use on blood
samples, a preliminary experiment was performed prior to extraction and analysis of
experimental samples, to test for matrix effects of using CORT from feathers and to
confirm parallelism between feather CORT and purified CORT standards. Towards this
end, CORT was extracted from a pool of minced and homogenized zebra finch primary
feathers. The extract from these feathers was then serially diluted and measured using
ELISA to test for parallelism with the CORT standards provided in the kit, to confirm that
the sample material did not interfere with hormone measurements from feathers. This
procedure was repeated twice, once using a pool of 15 feathers and again using 25
feathers. Both times, the slope of the serially diluted pooled feather extracts was
parallel to the provided known CORT standards (p > 0.05 by ANCOVA slope
comparison; F1,9 = 0.095, p = 0.77; F1,13 = 0.080, p = 0.78 for each test).

Mercury measurements
All feather and blood samples were tested for Hg using the same Direct Mercury
Analyzer, as was used to test food samples. At the start of every run, two blanks, as
well as standard reference samples (DORM-4 and Tuna) were run. Across all feather
and blood runs (15 analysis days total), DORM recovery was 104.8% (SD = 8.3%) and
tuna 101.6% (SD = 1.7%).
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Individual blood Hg levels were determined using the red blood cells left over
after plasma was removed to test for CORT. To a nickel boat, 10-20 μL of room
temperature red blood cells was added and then weighed on a precision balance.
Samples were then measured using the Direct Mercury Analyzer, which quantifies total
sample Hg without any prior preparation of samples, in only a few minutes. It does so
by first applying high heat to thermally decompose samples like blood or feathers,
causing the release of gaseous Hg from the sample, which is then trapped via gold
amalgamation. Additional heat is then applied to release Hg from the amalgam, and the
Hg is subsequently quantified using an internal spectrophotometer. Total sample Hg
content is then automatically interpolated from a pre-calibrated standard curve and is
output along with sample Hg concentration.
For blood Hg, the average percent difference between duplicates was 20.7% (n =
10, SD = 23.4%), derived from the data in Table 1. Since there was not sufficient
material to test zebra finch blood samples in duplicate, whole blood from free-living
eastern bluebirds (Sialia sialis) at Hg-contaminated sites was used instead. To test for
sample matrix effects, DORM was added to blood containing a negligible amount of Hg
and measured on the Direct Mercury Analyzer. DORM recovery was 111.1% (n = 5, SD
= 12.0%).
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Sample

Replicate 1 Hg (ppm)

Replicate 2 Hg (ppm)

% Difference

1

0.2158

0.2056

4.84

2

0.2161

0.2096

3.05

3

0.0877

0.0864

1.49

4

1.3115

1.4661

11.13

5

0.1838

0.1815

1.26

6

0.3028

0.2556

16.91

7

0.0227

0.0175

25.87

8

0.0235

0.0139

51.34

9

0.1736

0.1425

19.68

10

0.1240

0.2606

71.03

AVG

N/A

N/A

20.66

Table 1. Repeatability of blood mercury measurements. To test repeatability of Hg measurements,
blood samples from free-living eastern bluebirds at Hg-contaminated sites from a previous study were
used. Samples reported here were from 2 separate capillary tubes containing blood sampled from the
same animal on the same date. A Direct Mercury Analyzer was used to measure Hg in 10 sample pairs
(Replicate 1 Hg and Replicate 2 Hg here). The percent difference (% Difference) between duplicates was
calculated for each sample and averaged to approximate repeatability of blood Hg measurements.

Post-treatment feather Hg was also determined for every individual, using the
dried feather pieces from which CORT was extracted. The entire available sample
(approximately 2-3 mg feather pieces per individual) was loaded onto a nickel boat and
weighed. Feather pieces were then weighted down with small pieces of nickel to
prevent sample loss and measured on the Direct Mercury Analyzer. The average
percent difference between duplicates was 10.7% (n = 11, SD = 12.8%), derived from
the data in Table 2. Since there was insufficient material to test actual samples in
duplicate, homogenized zebra finch feathers available from a different experiment,
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where birds were treated with 0.3 or 0.6 ppm dietary Hg, were used instead. To test for
sample matrix effects, DORM was added to homogenized, minced feather pieces
containing a negligible amount of Hg weighted down with nickel pieces and measured
on the DMA. DORM recovery was 86.5% (n = 5, SD = 5.1%).

Sample

Replicate 1 Hg (ppm)

Replicate 2 Hg (ppm)

% Difference

1

12.4738

18.7471

40.19

2

15.2157

14.7828

2.89

3

16.0143

16.2866

1.69

4

16.0479

15.2325

5.21

5

15.9426

17.0896

6.94

6

17.8787

15.2887

15.62

7

16.2001

18.0032

10.54

8

15.9587

15.6677

1.84

9

15.2136

15.6880

3.07

10

27.1755

26.9419

0.86

11

32.2813

24.2342

28.48

AVG

N/A

N/A

10.67

Table 2. Repeatability of feather mercury measurements. To test repeatability of Hg measurements,
zebra finch primary feathers from a previous experiment in which birds were treated with 0.3 or 0.6 ppm
Hg were used. Feathers were minced into tiny pieces and mixed to homogenize samples. A Direct
Mercury Analyzer was then used to measure Hg in 11 sample pairs (Replicate 1 Hg and Replicate 2 Hg
here). The percent difference (% Difference) between duplicates was calculated for each sample and
averaged to approximate repeatability of feather Hg measurements.

61

III. Results
Blood corticosterone
Blood was sampled from 108 of the 112 individuals included in this study. Of
these 108, only 6 samples were excluded because the 3-min sampling limit for baseline
CORT (timed from initiation of disturbance by entry of researchers into the room) was
exceeded before blood collection was completed. One additional sample was excluded
as an outlier, as it was over 3 standard deviations away from mean for baseline blood
CORT in this study, suggesting a technical error in CORT preparation or measurement
might have occurred. Thus, baseline blood CORT data was analyzed from 101
individuals. Table 3 shows descriptive statistics for each treatment group.
Both Hg treatments (Hg stress and compound stress) had elevated blood Hg
levels, with red blood cell Hg levels averaging 21.36 ppm (SD = 5.74) and 21.77 ppm
(SD = 4.01), respectively. Blood Hg did not differ between these groups by ANOVA and
Tukey's HSD, suggesting that food deprivation did not impact the amount of dietary Hg
consumed. These Hg concentrations differed significantly from the control and food
stress groups, both of which had only trace levels of Hg.
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Treatment

Average blood CORT
(SD), ng/mL

Average blood
Hg (SD), ppm

Change in body n
mass (SD), g

M

F

Control

7.34 (2.96)

0.021 (0.017)

-0.16 (0.67)

24

16

8

Food stress

10.31 (5.96)

0.027 (0.023)

0.71 (1.31)

26

17

9

Hg stress

11.52 (4.87)

21.36 (5.74)

0.23 (0.59)

23

14

9

Compound stress

12.41 (4.76)

21.77 (4.01)

1.14 (0.96)

28

19

9

OVERALL

10.46 (5.09)

N/A

0.52 (1.06)

101

66

35

Table 3. Descriptive statistics for blood corticosterone, blood mercury, and change in body mass
by treatment group. CORT represents baseline levels (sampled in 3 min or less) measured from
plasma. Blood Hg was measured from the resultant red blood cell fraction. Change in body mass
describes the difference between starting mass and mass at blood sampling. Note n = 23 for Control, n =
22 for Hg stress, and n = 99 for “overall” in descriptive statistics for change in body mass only.

Since Hg had to be measured in the red blood cell fraction only, which is atypical
for the literature in this discipline, a set of whole blood samples were taken to allow
conversion. This set of samples was collected after treatments had ended, at the time
re-grown feathers were sampled from all birds, to prevent unnecessarily stressing
subjects during the treatment period. Blood was taken from 14 random subjects across
all Hg treatment rooms (Hg stress and compound stress) to compare the Hg content of
whole blood and the red blood cell fraction within individuals. It was determined that, on
average, Hg in red blood cells is approximately 1.58x (SD = 0.12) more concentrated
than in whole blood. Using this ratio for conversion, average calculated whole blood Hg
of the Hg stress and compound stress groups could be estimated as 13.54 ppm and
13.80 ppm, respectively (Table 4). For all analyses reported here, however, the
unconverted red blood cell Hg was utilized.
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Sample

Whole blood Hg (ppm)

Red blood cell Hg (ppm)

Ratio

1

13.4786

22.4565

1.6661

2

10.2755

14.6330

1.4241

3

12.9909

22.8819

1.7614

4

21.8415

32.7262

1.4983

5

13.6266

22.6137

1.6595

6

18.1080

30.1794

1.6666

7

13.3760

23.0018

1.7196

8

13.5253

22.1308

1.6363

9

19.2810

29.8157

1.5464

10

18.9352

29.9018

1.5792

11

12.7925

19.8646

1.5528

12

15.0239

23.2296

1.5462

13

14.7370

21.7481

1.4757

14

16.2214

21.9112

1.3508

AVG

15.3010 (3.1722)

24.0782 (4.8660)

1.5774 (0.1157)

Table 4. Red blood cell mercury is 1.6x more concentrated than whole blood mercury. Blood was
sampled from 14 random subjects across the 4 Hg treatment rooms after the stress experiment had
ended. Half of the blood per individual was spun down and the red blood cell fraction removed. Shown is
the Hg content of whole blood and red blood cells only, for each individual sampled. The ratio
represented here is red blood cell Hg/whole blood Hg. The final row (AVG) shows the average (standard
deviation) for each column.

To determine the effect of treatment group on baseline blood CORT, a one-way
ANOVA was performed, followed by Tukey’s HSD to examine pairwise comparisons.
There was a significant effect of treatment group on baseline blood CORT levels (F =
5.31, p = 0.002), with the Hg stress group (p = 0.018) and the compound stress group

64

(p = 0.001) showing higher CORT levels than the control group, as determined by
Tukey's HSD (Figure 5).

Figure 5. Baseline blood CORT increased with stress treatments. Baseline blood CORT was
sampled from adult zebra finches in 3 min or less after disturbance of researchers entering the room and
measured by radioimmunoassay. Boxes show the mean (middle line), 25th percentile (lower border), 75th
percentile (upper border), and range (whiskers) for each treatment group. Outliers are displayed as black
points. Baseline blood CORT of the Hg stress and compound stress groups both differed from the control
group by ANOVA and Tukey’s HSD (p < 0.05).

To better understand predictors of baseline blood CORT, linear models were
generated. Several models were tested using baseline blood CORT as the response
variable, and the model residuals were non-normally distributed. The data was
therefore transformed, and the best fit for the data proved to be a standard linear model
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with log-transformed blood CORT as the response variable. Thus, all subsequent
models to examine predictors of blood CORT used log-transformed blood CORT
(log(CORT)) as the response variable.
A linear model with treatment group as a predictor and log(CORT) as the
response variable yielded a significant correlation (r2 = 0.15, p = 3.0 x 10-4). However,
even with exclusion of samples that took more than 3 min to collect, there was also a
significant positive correlation between blood sampling time and log(CORT) levels when
modeled by linear regression (r2 = 0.084, p = 0.002). Thus, time was taken into account
in subsequent models of blood CORT. The interaction between treatment group and
sampling time was also a significant predictor of log(CORT) (r2 = 0.29, p = 1.98 x 10-6).
As illustrated in Figure 6, individuals that took longer to sample generally had higher
blood CORT levels across the control, food stress, and Hg stress groups. However, in
the compound stress group, longer sampling times yielded similar or lower blood CORT
levels compared to shorter times.
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Figure 6. Baseline blood corticosterone differed with sampling time in interaction with treatment
group. Baseline blood CORT was sampled from adult zebra finches in 3 min or less after disturbance of
researchers entering the room and measured by radioimmunoassay. Shown are log-transformed
baseline blood corticosterone levels for each subject, plotted against the amount of time taken to acquire
the sample, color-coded by treatment group. Gray shading indicates the standard error of the regression.
The linear model using treatment x sampling time to predict log(CORT) was significant (r2 = 0.29, p = 1.98
x 10-6).

Stress treatments, especially food stress, often impact body mass in addition to
CORT. Thus, predictors of change in body mass with stress treatment were also
examined. In addition to its effect on blood CORT, treatment group impacted the
change in body mass over the study period, calculated by subtracting the starting mass
(measured 3 days prior to Hg treatment) from the mass at the time of blood sampling,
as determined by one-way ANOVA (F = 8.98, p = 2.7 x 10-5; Figure 7). Both the food
stress group (p = 0.009) and the compound stress group (p = 2.6 x 10-5) differed from
the control group, experiencing significantly more weight gain, on average, over the
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study period, as determined by Tukey's HSD. The compound stress group also differed
significantly from the Hg stress group (p = 0.006), although the Hg stress group did not
differ from the control group.

Figure 7. Birds gained more weight under food stress. Birds were weighed before the beginning of
the experiment (3 days prior to starting Hg/control diets) and at the time of blood sampling (days 3339). Shown is the change in body mass over the study period, determined by subtracting the starting
mass from the mass at the time of blood sampling for each individual. Boxes show the mean (middle
line), 25th percentile (lower border), 75th percentile (upper border), and range (whiskers) for each
treatment group. Outliers are displayed as black points. Both the food stress and compound stress
groups differed from the control group by ANOVA and Tukey’s HSD (p < 0.05). The compound stress
group also differed from the Hg stress group (p < 0.05), but the Hg stress group did not differ from the
control group (p > 0.05).

Interestingly, although treatment group was predictive of change in body mass,
blood CORT levels were not, when examined using a linear model with blood CORT as
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the predictor variable and change in body mass as the response variable (r2 = 0.01, p =
0.81). However, the interaction between treatment group and blood CORT was
predictive of change in body mass (r2 = 0.20, p = 2.0 x 10-4). Across all stress treatment
groups, birds with higher blood CORT levels experienced less weight gain or even a
decrease in body mass over the study period, whereas birds with lower baseline CORT
had a tendency to gain more weight during stress treatment, as illustrated in Figure 8.
In control birds, there was almost no relationship between baseline CORT and change
in body mass, and in fact, on average, birds in the control group did not experience
much of a shift in body mass, as seen in Figure 7 and Figure 8.
Given the complex relationships between treatment group, sampling time,
change in mass, and blood CORT, models were next generated to determine the set of
predictor variables that best explained log(CORT). There was no statistically significant
effect of the building the birds were housed in or sampling day on log(CORT) levels, so
these factors were not included in subsequent analyses. There was also no effect of
sex on log(CORT). However, the interaction between sex and treatment group did
predict log(CORT) by linear regression (r2 = 0.14, p = 0.003). In general, females
showed higher CORT than males, with a greater difference between the sexes
observed in the two food-stressed treatment groups (Figure 9). Given this relationship,
sex was considered in subsequent multi-factor analyses of blood CORT.
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Figure 8. Baseline corticosterone predicted change in body mass in stress treatment groups.
Baseline blood CORT was sampled from adult zebra finches in 3 min or less after disturbance of
researchers entering the room and measured by radioimmunoassay. Birds were weighed before the
beginning of the experiment (3 days prior to starting Hg diet) and at the time of blood sampling (days 3339). Shown is the change in body mass over the study period, determined by subtracting the starting
mass from the mass at the time of blood sampling for each individual, plotted against baseline blood
CORT. Gray shading indicates the standard error of each linear regression. The linear model using
treatment x blood CORT to predict change in body mass was significant (r2 = 0.20, p = 2.0 x 10-4).

Linear models (LMs) were created with log(CORT) as the response variable,
testing treatment group, sampling time, change in body mass, and sex as predictor
variables. Sampling time was added to all models as a confounding variable, to
account for its unexpected effect on blood CORT. Data was modeled using a standard
LM, with log-transformed baseline blood CORT as the response variable in all models
tested. Univariate LMs were generated for each predictor, and biologically relevant
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interactions and additive models were also created. All models were then compared
and ranked by Akaike's information criterion (AIC) (Table 5).

Figure 9. Blood corticosterone differed between sexes and treatment groups. Baseline blood
CORT was sampled from adult zebra finches in 3 min or less after disturbance of researchers entering
the room and measured by radioimmunoassay. Shown are log-transformed baseline blood
corticosterone levels for each subject, plotted by treatment group and color-coded by sex. Boxes show
the mean (middle line), 25th percentile (lower border), 75th percentile (upper border), and range (whiskers)
for each treatment group. Outliers are displayed as black points. The linear model using treatment x sex
to predict log(CORT) was significant (r2 = 0.14, p = 0.003).

The model with the most support (ranked first in Table 5) included treatment and
sampling time as the only predictor variables. However, the second- and third-ranked
models only differed from the top-ranked model by ΔAICc of 0.20 and 0.34,
respectively. The second-ranked model included treatment, change in body mass, and
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sampling time, and the third-ranked model included treatment, sex, and sampling time.
These three models had similar weights as well – 0.283, 0.256, and 0.238, ordered from
first to third. Thus, there is good support for all three models. The fourth-ranked
(including treatment, change in body mass, sex, and sampling time) is also well
supported, with a ΔAICc of 1.11 and a weight of 0.163. Thus, treatment, change in body
mass, sex, and sampling time all predict log(CORT) well. The null model accounted for
0.000 of the AICC weight, and all of the models tested had AICC values lower than the
null model.
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Rank

Model

df

AICC

ΔAICC

AICC wt

1

Treatment + SamplingTime

6

120.33

0.00

0.283

2

Treatment + MassChange + SamplingTime

7

120.53

0.20

0.256

4

Treatment + Sex + SamplingTime

7

120.67

0.34

0.238

5

Treatment + MassChange + Sex + SamplingTime

8

121.44

1.11

0.163

6

Treatment ✕ MassChange + SamplingTime

10

123.76

3.43

0.051

7

Treatment ✕ Sex + SamplingTime

10

127.30

6.97

0.009

8

SamplingTime

3

136.48

16.15

0.000

9

Sex + SamplingTime

4

136.53

16.20

0.000

10

MassChange + Sex + SamplingTime

5

138.55

18.22

0.000

11

MassChange + SamplingTime

4

138.60

18.27

0.000

12

Treatment ✕ MassChange ✕ Sex + SamplingTime

18

138.62

18.29

0.000

13

MassChange ✕ Sex + SamplingTime

6

140.07

19.74

0.000

14

null (1)

2

143.67

23.34

0.000

Table 5. Linear models to predict log-transformed baseline blood corticosterone. Linear models of
the response variable log-transformed baseline blood CORT were generated from a combination of 4
independent variables - treatment group (Treatment), blood sampling time (SamplingTime), change in
body mass over the study period (MassChange), and sex. SamplingTime was added to all models as a
confounding variable, to account for its effect on blood CORT. Models were compared and ranked by
AIC. Shown are the rankings for all models, degrees of freedom (df), AIC coefficient (AIC ), difference in
coefficient compared to the top model (ΔAIC ), and the AIC weights (AIC wt) for each model tested.
C

C

C

Because some treatments were associated with weight gain, a final analysis was
performed, to examine whether weight was related to blood Hg. Although it was not
tested directly in this study, increases in weight could be driven by increased body fat.
Birds with more body fat might sequester more Hg from circulation and into fat stores,
and therefore might have less Hg in the blood. To examine this further, linear models
were generated using blood Hg as the predictor variable, including only the Hg-treated
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groups (Hg stress and compound stress) in analysis, as the control and food stress
treatments experienced only trace Hg. Change in body mass over the treatment period
was not predictive of blood Hg alone or in interaction with treatment group (p > 0.05).
However, body mass during stress treatment (measured at the time of blood sampling)
was predictive of blood Hg (r2 = 0.13, p = 0.0055). The interaction between body mass
during treatment and treatment group was also predictive of blood Hg in Hg-treated
birds (r2 = 0.19, p = 0.0051). As shown in Figure 10, birds with higher body mass when
weighed during treatment tended to have lower blood Hg levels, although this trend
appears to be driven by three unusually large birds.

74

Figure 10. Heavier birds in mercury-treated groups had lower blood mercury levels. Birds were
weighed before the beginning of the experiment (3 days prior to starting Hg diet) and during stress
treatments, at the time of blood sampling (days 33-39). Shown is the body mass during stress treatments
for birds in Hg-treated groups only, plotted against blood Hg, which was measured from red blood cells
using a Direct Mercury Analyzer. Gray shading indicates the standard error of the linear regression. The
linear model using body mass to predict blood Hg was significant (r 2 = 0.13, p = 0.0055), as was the
model using body mass x treatment to predict blood Hg (r2 = 0.19, p = 0.0051). However, this effect
appears to be predominantly driven by three unusually large individuals.

Feather corticosterone
Left and right first primary feathers were sampled from all 112 individuals
included in the study before and after stress treatment. Feather CORT was measured
from one pre- and one post-treatment feather for every individual, controlling for side.
Hg was measured from post-treatment feathers only, as pre-treatment feathers grew in
before Hg exposure began. CORT extracts from 4 feathers were excluded from the
present analysis because it was determined, based on feather Hg content, that the
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wrong post-treatment feather had been collected (e.g., first secondary feather may have
been mistaken for first primary, but had grown in prior to dietary manipulation and thus
had only trace levels of Hg). One other sample had to be excluded because the feather
CORT extract was contaminated by microbes, causing a cloudy appearance that
resulted in incorrect quantification of CORT on the optical plate reader. Two additional
individuals were excluded because they died before the study concluded, and their
feathers had not completely regrown. In total, CORT from 105 pre- and post-treatment
feathers was analyzed. Both pre- and post-treatment CORT was measured from left
primary 1 in almost all birds. However, for 9 individuals in the study, technical errors
occurred during CORT extraction from either the pre- or post-treatment left feather. As
a result, CORT was instead extracted from right primary 1 for these 9 individuals. To
control for feather position, CORT was extracted from the right feather for both pre- and
post-treatment samples.
The literature precedent is to report feather CORT per unit length. However,
feathers used here were weighed 3 times on a fine balance to the nearest 0.0001 g,
with precautions taken to minimize static electricity, making weights very precise.
Therefore, CORT was standardized by both length and mass, and a linear regression
was performed to determine how well these metrics were correlated. CORT
standardized by unit length was highly correlated with CORT standardized by mass.
This was true when examining the relationship in pre-treatment feathers (r2 = 0.98, p =
2.2 x 10-16), as well as in post-treatment feathers (r2 = 0.98, p = 2.2 x 10-16). Figure 11
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depicts this relationship in post-treatment feathers. Thus, feather per unit mass was
used in all further analyses.

Figure 11. Feather corticosterone per mg highly correlated with feather corticosterone per
cm. Shown is post-treatment feather CORT standardized by mass (mg) or length (cm) for each
individual. Gray shading indicates the standard error of the linear regression. Linear regression yielded
r2 = 0.98, p = 2.2 x 10-16.

Table 6 shows descriptive statistics for feather CORT of each treatment
group. The effect of treatment group on feather CORT was analyzed by repeatedmeasures ANOVA. In this analysis and subsequent repeated-measures ANOVAs, the
“time” predictor consisted of two timepoints – feather CORT from the original feathers
sampled, grown in before treatments started (Time 1); and feather CORT from the post77

treatment replacement feather, grown in during the treatment period (Time 2). No
difference between treatments was found in the change in CORT from original to
replacement feather, although there was a significant main effect of both time and
treatment group on CORT (Figure 12; Treatment:Time: F3, 101 = 0.89, p = 0.449;
Treatment: F = 3.233, p = 0.0255, Time: F = 16.85, p = 8.21 x 10-5). As can be
appreciated in Figure 12, feather CORT generally went down from original to
replacement feather, with post-treatment feathers showing, on average, approximately
25% less CORT per mg than pre-treatment feathers.

Treatment

Average CORT
(SD), pg/mg

Change in CORT (SD),
pg/mg

Average feather Hg
(SD), ppm

n

M

F

Control

5.38 (2.68)

-1.85 (3.68)

0.23 (0.14)

28

19

9

Food stress

4.55 (2.53)

-0.60 (1.84)

0.33 (0.31)

26

17

9

Hg stress

4.77 (1.73)

-1.25 (3.50)

156.49 (48.17)

24

15

9

Compound stress

4.22 (1.06)

-0.95 (2.23)

160.70 (46.82)

27

18

9

OVERALL

4.74 (2.13)

-1.17 (2.92)

N/A

105

69

36

Table 6. Descriptive statistics for feather corticosterone and feather mercury by treatment
group. Shown is feather CORT (Average CORT), standardized by feather mass, extracted from the
feather that grew in during the treatment period. Change in CORT represents the difference between
post-treatment feather CORT (Average CORT) and pre-treatment feather CORT. Mercury was measured
from the same feathers used for CORT extraction and analysis.

While there was a main effect of treatment by repeated-measures ANOVA, this
appears to be an artifact driven by pre-treatment differences. Although birds were
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randomly assigned to treatment groups, there was a significant difference in pretreatment feather CORT between groups when examined by one-way ANOVA (F =
3.00, p = 0.034), with control birds showing generally higher feather CORT at the start
of the experiment than other groups, as illustrated in Figure 12. Tukey’s HSD revealed
a marginal difference between the control group and both the food stress group (p =
0.055) and the Hg stress group (p = 0.054). Post-treatment feather CORT, on the other
hand, showed no difference between treatment groups (F = 1.47, p = 0.23).

Figure 12. Feather corticosterone decreased in replacement feathers. Shown are both pretreatment (original) and post-treatment (replacement) feather CORT, standardized by mass, for each
treatment group. Boxes show the mean (middle line), 25th percentile (lower border), 75th percentile (upper
border), and range (whiskers) for each treatment group. Outliers are displayed as black points.
Repeated-measures ANOVA was not significant (Treatment:Time: F3, 101 = 0.89, p = 0.449), but there was
a main effect of treatment (F = 3.233, p = 0.0255) and time (comparing CORT in original vs. replacement
feathers, F = 16.85, p = 8.21 x 10-5).
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A regression was then performed to determine whether pre-treatment feather
CORT directly predicted post-treatment feather CORT, to account for individual
variation in CORT phenotype. An individual’s pre-treatment CORT was indeed
predictive of post-treatment CORT (r2 = 0.16, p = 1.59 x 10-5). Further, the interaction
between pre-treatment feather CORT and treatment group also predicted posttreatment feather CORT (r2 = 0.25, p = 7.42 x 10-6), shown in Figure 13.

Figure 13. Individual feather corticosterone in original and replacement feathers and by treatment
group. Individual pre-treatment (original) feather CORT was plotted against post-treatment
(replacement) feather CORT and colored by treatment. Both pre- and post-treatment feather CORT were
standardized by mass. Gray shading indicates the standard error of each linear regression. Pretreatment feather CORT was predictive of post-treatment feather CORT (r2 = 0.16, p = 1.59 x 10-5), as
was the interaction between pre-treatment feather CORT and treatment group (r2 = 0.25, p = 7.42 x 10-6).
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There is evidence that birds growing feathers under stressful conditions exhibit
smaller and less dense feathers (DesRochers et al., 2009; Stochlic and Romero, 2008).
If this is the case, individuals under stress might produce shorter and lighter feathers
than non-stressed individuals. This is important to consider, as shorter and lighter
feathers might have less material for CORT to bind to, which could disrupt the
relationship between circulating CORT and feather CORT. Therefore, the relationship
between feather CORT and feather mass was explored here.
In the present study, neither post-treatment feather mass alone nor its interaction
with treatment group predicted post-treatment feather CORT (linear models, p > 0.05).
Interestingly, although there was no relationship between a feather’s mass and its
CORT levels, there was a change in feather mass over the study period, with posttreatment feathers tending to be heavier (Figure 14). A repeated-measures ANOVA
revealed a significant effect of the interaction between treatment and time
(Treatment:Time: F3,101 = 3.01, p = 0.034), as well as a significant main effect of time (F
= 9.20, p = 0.0031) on feather mass. As can be seen in Figure 14, it appears that
feather mass increased slightly less in the food stress and compound stress groups,
suggesting that perhaps feathers that grew in under food stress were slightly lighter.
Neither feather length nor the interaction between feather length and treatment group
predicted post-treatment feather CORT (linear models, p > 0.05). Feather length also
did not differ between original and replacement feathers, as determined by repeatedmeasures ANOVA (Treatment:Time: F3,101 = 1.32, p = 0.27).
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Figure 14. Feather mass was greater in replacement feathers. Shown are both pre-treatment
(original) and post-treatment (replacement) feather mass for each treatment group. Boxes show the
mean (middle line), 25th percentile (lower border), 75th percentile (upper border), and range (whiskers) for
each treatment group. Outliers are displayed as black points. Differences were significant by repeatedmeasures ANOVA (F3,101 = 3.01, p = 0.034).

Since blood CORT predicted change in body mass over the study period, the
relationship between feather CORT and change in body mass was also examined.
Post-treatment CORT was somewhat predictive of change in body mass, by linear
model (r2 = 0.047, p = 0.016), but the interaction between post-treatment CORT and
treatment group better predicted change in mass (r2 = 0.244, p = 1.77 x 10-5). Both pretreatment CORT (r2 = 0.053, p = 0.012) and the interaction between pre-treatment
CORT and treatment group (r2 = 0.22, p = 7.19 x 10-5) also predicted change in body
mass. Both pre- and post-treatment feather CORT exhibited a slight positive correlation
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with change in body mass in the Hg stress group only, with all other groups showing a
negative relationship, as illustrated in Figure 15. Birds in the compound stress group
showed a visibly stronger negative correlation between CORT in replacement feathers
and change in body mass compared to birds in other groups.

Figure 15. Feather corticosterone predicted change in body mass differently across treatment
groups. Shown are the relationship between pre-treatment (original) feather CORT and change in body
mass over the study period (upper graph), calculated as the difference between starting body mass and
mass at blood sampling. The relationship between post-treatment (replacement) feather CORT and
change in body mass is also shown (lower graph). Both graphs are colored by treatment group. Gray
shading indicates the standard error of each linear regression. A linear model using pre-treatment CORT
x treatment to predict change in body mass yielded r2 = 0.22, p = 7.19 x 10-5, and a linear model using
post-treatment CORT x treatment to predict change in body mass yielded r 2 = 0.244, p = 1.77 x 10-5.
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To better understand the factors contributing to variation in post-treatment
feather CORT, models were generated using post-treatment feather CORT as the
response variable. Models were generated using 5 different predictor variables: pretreatment feather CORT, treatment group, sex, change in body mass, and building in
which the birds were housed. Only change in body mass, building, and pre-treatment
CORT produced a significant relationship when linear models were generated using
post-treatment feather CORT as the response variable. However, the interaction
between pre-treatment CORT and treatment group was significant, so treatment group
was considered in model generation. Sex was included as well, as it was suspected
that it might interact with other factors to influence CORT, as was the case with blood
CORT.
The residuals of the global and univariate linear models were non-normally
distributed, so data was modeled using generalized linear models (GLMs) of the gamma
family, with a log link, as this proved to be the best fit for the data. Univariate GLMs
were generated using each predictor variable, and biologically relevant interactions and
additive models were also created, all with post-treatment feather CORT as the
response variable. All models were then compared and ranked by AIC. (Table 7).
The model with the most support (ranked first in Table 7) included the interaction
between pre-treatment CORT and treatment group and their individual effects and had
a weight of 0.863. The ΔAICc between the top model and the second-ranked model,
which contained pre-treatment CORT and change in body mass over the study period,
was 5.99, and this model had a weight of 0.043. The third-ranked model, which had a
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ΔAICc of 6.50 and a weight of 0.034, included only pre-treatment CORT. Thus, there is
also some support for these two models, based on the criteria set forth by Burnham et
al. (2011). However, given the relatively small model weights compared to the topranked model, there is a higher likelihood that the top-ranked model is the best fit for the
data. The null model accounted for 0.000 of the AICC weight, and all but 2 of the
models tested had AICC values lower than the null model (not pictured in Table 7).
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Rank

Model

df

AICC

ΔAICC

AICC wt

1

PreCORT ✕ Treatment

9

387.47

0.00

0.863

2

PreCORT + MassChange

4

393.46

5.99

0.043

3

PreCORT

3

393.97

6.50

0.034

4

PreCORT ✕ MassChange

5

394.87

7.40

0.021

5

PreCORT + Sex

4

396.13

8.66

0.011

6

PreCORT ✕ Treatment ✕ Sex

17

396.48

9.01

0.010

7

PreCORT ✕ Sex

5

396.52

9.10

0.009

8

PreCORT + Treatment

6

398.40

10.93

0.004

9

PreCORT + Treatment + MassChange

7

399.52

12.05

0.002

10

PreCORT + Treatment + Sex

7

400.71

13.24

0.001

11

PreCORT + Treatment + Sex + MassChange

8

401.87

14.40

0.001

12

PreCORT ✕ MassChange ✕ Treatment

17

403.76

16.29

0.000

13

PreCORT + Treatment + MassChange + Sex + Bldg

9

403.94

16.47

0.000

14

MassChange

3

408.00

20.53

0.000

15

Bldg

3

410.69

23.22

0.000

16

Treatment + MassChange

6

412.12

24.65

0.000

17

Treatment

5

412.88

25.41

0.000

18

null (1)

2

413.56

26.09

0.000

Table 7. Generalized linear models to predict post-treatment feather corticosterone. Generalized
linear models (gamma distribution, log link) of the response variable post-treatment feather CORT were
generated using 5 independent variables - treatment group (Treatment), pre-treatment feather CORT
(PreCORT), change in body mass over the study period (MassChange), building housed in (Bldg), and
sex. Models were compared and ranked by AIC. Shown are the rankings for all models that performed
better than the null (2 additional models not pictured), degrees of freedom (df), AIC coefficient (AIC ),
difference in coefficient compared to the top model (ΔAIC ), and the AIC weights (AIC wt) for each model
tested.
C

C
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The relationship between feather and blood CORT was examined next, to
determine whether these two metrics were correlated in the current study. There was
no correlation between baseline blood corticosterone and either post-treatment feather
CORT or the change in feather CORT over the treatment period (Figure 16), nor did the
interaction between treatment group and blood CORT predict either feather CORT
variable.

Figure 16. Baseline blood corticosterone did not predict difference between pre- and posttreatment feather corticosterone or post-treatment feather corticosterone. Shown is the difference
between pre-treatment (original) and post-treatment (replacement) feathers for each individual (upper
graph), as well as post-treatment feather CORT (lower graph), as a function of their baseline blood CORT
and colored by treatment group. Gray shading indicates the standard error of each linear regression.
These relationships did not rise to the level of statistical significance, even when accounting for
interactions with treatment (p > 0.05 by linear models).
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Feather Hg, however, was strongly correlated with Hg measured in red blood
cells across all subjects (r2 = 0.93, p = 2.2 x 10-16) and when only Hg-treated birds were
considered (r2 = 0.47, p = 5.8 x 10-8; Figure 17).

Figure 17. Blood mercury and feather mercury were correlated among birds exposed to dietary
mercury. Shown is the relationship between blood Hg and feather Hg in each individual in the study for
which this information was available. Data from birds in Hg-treated groups only is plotted here for clarity,
as all control-treated birds were clustered at approximately 0 for both feather and blood Hg. Feather Hg
was measured using the feather pieces from which CORT was extracted, and blood Hg was measured
from the red blood cell fraction after CORT extraction from plasma. Gray shading indicates the standard
error of the linear regression. A linear regression including only individuals in Hg-treated groups yielded
r2 = 0.47, p = 5.8 x 10-8.

The relationship between body mass and feather Hg was also explored, to
determine whether weight during stress or weight change were predictive of feather Hg.
88

This was examined only in birds treated with Hg, as those receiving control diets had
only trace feather Hg. Neither change in body mass over the study period nor the
interaction between change in body mass and treatment group were predictive of
feather Hg (p > 0.05 by linear model). Body mass during treatment was also not
correlated with feather Hg, alone or in interaction with treatment group.

IV. Discussion
Blood corticosterone
In a controlled, captive environment, chronic dietary exposure to approximately
1.2 ppm MeHg resulted in elevated baseline blood CORT in a model songbird, the
zebra finch. This shift occurred after only a month of Hg exposure in adult birds.
Elevated baseline CORT was observed with both Hg exposure alone and when Hg
exposure was combined with an additional stressor – chronic, unpredictable 4-hour
daily food deprivation. This compound stress group exhibited, on average, 12.41 ng/mL
(SD = 4.76) baseline CORT levels, approximately 1.7x higher than the control group,
which had an average of 7.34 ng/mL (SD = 2.96) baseline blood CORT.
Unexpectedly, baseline CORT in the compound stress group did not differ
significantly from the Hg stress group, which had an average of 11.52 ng/mL (SD =
4.87) baseline CORT. It was predicted that with the added food stress, birds in the
compound stress group would show lower baseline CORT levels compared to the Hg
stress group. Under two simultaneous stressors, it was expected that CORT would
have been downregulated to prevent the damaging effects of sustained high CORT
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levels, as suggested by McEwen and Wingfield (2003). This proved to be only partially
true. Although baseline CORT was overall higher in the compound stress group, the
interaction between treatment group and sampling time (time from room entry to
sampling, in which the bird’s circulating CORT would be increasing in response to
disturbance) explained much of the variation in baseline CORT. Birds in all groups
except the compound stress treatment exhibited higher CORT levels when they
experienced a longer latency between disturbance and sampling. However, birds under
compound stress showed similar or lower CORT levels when sampling took longer,
suggesting that they were not able to quickly mount an adaptive surge in CORT in
response to the disturbance of researchers entering the room and catching them.
Although a 3-min sampling limit is standard for measuring baseline CORT,
Romero and Reed (2005) point out that for many species, an increase in CORT can be
seen as soon as 1.5-2 min after capture, although this elevation in CORT was never
nearly as high as acute levels achieved after 30 min of restraint. Based on this, it is
likely that the increase in CORT over the first 3 min observed here reflects initiation of
the stress response. If this is the case, the negative trend between sampling time and
CORT in the compound stress groups suggests that these doubly stressed birds might
have a delayed or suppressed stress response compared to birds in the Hg stress
group.
Studies examining chronic psychological stressors have shown similar reductions
in the acute CORT response to stress, but these were also accompanied by decreases
in baseline CORT (Cyr et al., 2007; Cyr and Romero, 2007; Rich and Romero, 2005).
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The relationship between food deprivation and CORT in birds can be complex though.
For example, in CORT-implanted captive white-crowned (Zonotrichia leucophrys) and
song sparrows (Melospiza melodia), there was no effect of CORT on birds fed ad
libitum. But when birds were subject to a 24-hour fast, those with CORT implants
showed increased activity and escape behavior during food deprivation and more
sustained refeeding behavior when food was returned, compared to non-implanted
controls (Astheimer et al., 1992). This suggests that higher CORT levels might be
beneficial during food scarcity, as CORT might induce food-seeking behaviors critical to
survival. Kitaysky et al. (2001) provide further support for this idea, as they
demonstrated that food-restricted red-legged kittiwake (Rissa brevirostris) chicks
responded with endogenous elevation of baseline and acute CORT. In nest-bound
chicks with the inability to independently seek food, this elevation in CORT caused
potentially damaging reductions in body mass, underscoring the importance of
considering context in interpreting CORT data and how it might impact individual fitness.
In the present study it is important to note that change in body mass over the
study period also accounted for some of the variation observed in baseline blood
CORT. Interestingly, birds in both the food stress only group and the compound stress
group both gained a significant amount of weight compared to the control group.
Although baseline CORT levels of the food stress group did not differ from the control
group, the difference in weight change compared to controls suggests that birds in this
group were still under some stress. These birds might have been better able to cope

91

with food stress than their doubly stressed counterparts, as reflected in the potentially
adaptive change in weight but lack of a significant change in baseline CORT.
In another study, predictable and unpredictable daily food removal caused
European starlings (Sturnus vulgaris) to gain weight halfway through the treatment
period, and this was driven by an increase in food consumption upon food restriction
(Bauer et al., 2011), presumably to compensate for periods when food was not
available. Since birds were housed communally in the present study, the weight gain
seen here might also be related to differences in dominance leading to competition and
different feeding strategies during food stress. Witter and Swaddle (1995) found that
increased food competition, stimulated by access to a single small feeder, caused birds
to put on fat, with more subordinate individuals showing increased fat reserves
compared to dominant birds.
By restricting food access to only 6 hours a day, the zebra finches in this study
likely also experienced increased competition. They might have compensated by
increasing fat stores, suggested by the gain in body mass in food-stressed groups. It is
also possible that birds simply ate more food during the limited period when it was
available, filling their crops and thus being heavier at the time of weighing without
having stored more fat. Although crop fullness was not scored in this study, fuller crops
could lead to temporarily elevated weights in food-stressed individuals, even without a
change in fat storage strategy.
In the present study, the interaction between baseline blood CORT and treatment
group was indeed correlated with change in body mass. In stress treatment groups,
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birds with higher baseline CORT tended to exhibit less weight gain or even weight loss,
compared to birds with lower baseline CORT that tended to gain more weight. This is
not entirely unexpected, as high circulating CORT was associated with lower body mass
across a number of free-living tropical and temperate species in another study (Hau et
al., 2010). Interestingly, there was also an interaction between treatment group and sex
observed in the present study, with females tending to have higher CORT than males in
general and more so in food-stressed treatments. This suggests that there may have
been competition for food, as females tend to be socially subordinate to males,
especially under limited food access (Peters and Grubb, 1983), which might be reflected
in elevated CORT levels compared to males. The observed sex differences in response
to treatment here are also similar to observations made by Maddux et al. (2015), as
they observed a trend (albeit not significant) towards higher baseline CORT in Hgexposed females compared to males and virtually no sex difference in the control group.
It is difficult to draw firm conclusions from the present study, however, since there were
approximately half as many females as males.
Considering only the differences in CORT with treatment group, the results
presented here are similar to findings in free-living tree swallow nestlings, in which latestage nestlings at Hg-contaminated sites showed higher baseline CORT levels but a
suppressed acute CORT response (Wada et al., 2009). However, in another study of
free-living tree swallows, both adult and nestling birds at Hg-contaminated sites
exhibited lower baseline CORT but no change in acute CORT with increasing blood Hg
levels (Franceschini et al., 2009). One potential explanation for this discrepancy is that
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perhaps birds examined by Franceschini et al. (2009) were exposed to Hg for a longer
period of time than those in the study by Wada et al. (2009), although it is impossible to
know this for certain given that both studies used wild populations. In the present study,
birds under dual Hg and food stress (which more closely mirrors stressful conditions in
the wild) exhibited elevated baseline CORT and a potentially suppressed stress
response, after just one month of exposure. However, it seems likely that birds with
chronically elevated baseline CORT would eventually downregulate CORT secretion to
protect against its more damaging effects. Several studies have shown a dampening of
the CORT response in birds under sustained stress (Cyr et al., 2007; Cyr and Romero,
2007). This could explain the discrepancy between the elevated baseline and
suppressed acute CORT found in nestling tree swallows (Wada et al., 2009) compared
to the suppressed baseline CORT observed in adult tree swallows (Franceschini et al.,
2009). However, the lower baseline CORT in tree swallow nestlings observed by
Franceschini et al. (2009) is still puzzling. There is evidence of Hg exposure in ovo in
this study, which suggests that perhaps the nestlings sampled were exposed to Hg for
longer than just the 11-13 days they had been alive since hatching. On the other hand,
in ovo exposure also cannot be ruled out in the case of the birds examined by Wada et
al. (2009), as they did not take data on egg Hg. If the present study were repeated over
a longer timespan with additional blood CORT sampling, it might be possible to resolve
how the HPA axis adapts to Hg exposure over time.
The present findings are somewhat at odds with previous work in zebra finches.
In breeding zebra finches exposed to lifelong dietary Hg, higher blood Hg was
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associated with lower stress-induced CORT levels, as might be the case here, although
actively nesting birds showed a greater acute elevation in CORT (Moore et al., 2014).
Baseline CORT, however, was unaffected by Hg exposure, although the authors do
note that actively nesting birds generally exhibited lower baseline CORT levels (Moore
et al., 2014), suggesting that perhaps the effects of breeding might have masked the
impact of Hg on CORT. It is also possible that developmental Hg exposure has a
different effect on the HPA axis than chronic exposure during adulthood, although this is
difficult to determine, as this appears to be the only study that has examined CORT
levels with respect to lifelong exposure in a captive setting, where duration of exposure
is known.
Maddux et al. (2015), on the other hand, examined CORT levels in adultexposed breeding zebra finches, like those in the present study. The authors found no
effect of Hg on baseline or stress-induced CORT in pairs of birds just before or
immediately following breeding (Maddux et al., 2015). It is possible that duration of
exposure could account for the differences here as well, since birds in that study were
sampled for CORT 2.5 months into exposure, and again after over 5.5 months of Hg
treatment, whereas birds in the present study were sampled after 1 month of exposure.
Future work might endeavor to treat non-breeding birds with Hg for several months prior
to initiation of food stress, to determine whether CORT levels become more similar to
control individuals over time, as birds acclimate to longer periods of exposure. It seems
plausible, however, that even after acclimation to Hg exposure, birds exposed to an
additional stress like chronic food deprivation might still respond differently than
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unexposed controls. It is also possible that housing in pairs produces a different stress
response to Hg than housing in groups, where social dynamics around competition
could be very significant.
It is interesting to also reconsider the findings by Maddux et al. (2015) in light of
the current work. Like the food stress treatment reported here, breeding might also be
considered an additional stressor, albeit more predictable than food stress,
compounded with Hg exposure. In control birds, Maddux et al. (2015) observed higher
baseline CORT levels post-nesting than before nesting began. All birds exposed to 0.5
ppm Hg exposure started with higher baseline CORT than control or 1 ppm-exposed
individuals, with a sex-dependent trend in CORT observed: female CORT increased
over breeding, while male CORT declined. Finally, with 1 ppm exposure, although
starting CORT was higher than controls, there was almost no change in blood CORT
over the breeding period. It is possible that the stress of breeding compounded the
stress of moderate (0.5 ppm) and high (1 ppm) Hg exposure in this study. The
elevation in CORT after breeding observed in females in the moderate Hg group mirrors
the elevation in blood CORT in response to compound stress observed here. Similarly,
under high Hg exposure, both males and females in Maddux et al. (2015) exhibited
elevated CORT at the start, but then exhibited no change in CORT with breeding. This
suggests that perhaps the elevation in CORT caused by Hg exposure and breeding
combined was high enough to be damaging, and birds correspondingly suppressed the
CORT response to avoid its detrimental effects. This could have alarming implications
for the breeding success of Hg-exposed individuals, as there is evidence that CORT
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tends to be highest annually during the breeding period, when birds need to mobilize
energy to defend territories, attract mates, and protect nests (Romero et al., 1997;
Romero and Remage-Healey, 2000; Romero et al., 1998). In some species, females
tend to show lower CORT levels later in breeding, which is thought to help prevent nest
abandonment and free up energy for caring for offspring (Romero et al., 1997), making
the post-nesting elevation in female CORT with 0.5 ppm Hg exposure observed by
Maddux et al. (2005) particularly troubling.
More broadly, however, the overall elevation in baseline CORT in both Hgexposed groups observed here has implications for individual fitness. Elevated baseline
CORT in birds has been associated with disruptions to reproduction and immunity,
increased oxidative stress, reductions in growth rate, muscular and neuronal atrophy,
and a host of other physiological perturbations (Costantini et al., 2011; Sapolsky et al.,
2000; Wingfield, 2005). Additionally, Hg on its own has been shown to induce oxidative
stress, disturb normal reproductive processes, alter immunity, and lead to a host of
neurological problems and axonal degradation, among other impacts (Whitney and
Cristol, 2017). Thus, if the results established here are recapitulated in wild birds, these
findings suggest a grim picture for the effect of Hg on birds faced with other stressors,
as would be the case in the wild. It cannot be discounted, however, that because this
study was performed using captive-bred animals, it might not translate cleanly to birds
in the field. Several studies suggest that captivity causes suppressed acute CORT
responses in birds (Cabezas et al., 2012; Dickens and Romero, 2009), although there is
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also evidence that after long-term captivity, alterations to the HPA axis recover (Dickens
and Romero, 2009).
Regardless, the results presented here make clear that it is important to consider
the potential endocrine-disrupting effects of Hg exposure on songbirds. It is critically
important to consider the effects not just of Hg exposure alone, but also in the context of
other stressors that birds might experience.
This is, to my knowledge, the first study to examine the effect of chronic Hg
exposure and an additional chronic stressor on songbird CORT in a controlled
environment. Here, blood CORT was explained by an interaction between treatment
group and sampling time, as well as change in body mass. Birds under simultaneous
Hg and food stress showed greater weight gain than controls, and they also showed
elevated baseline CORT, with a negative relationship between CORT and sampling
latency, even though samples were taken in under 3 min. This suggests that overall,
doubly stressed birds responded by elevating baseline CORT levels, just like birds
under Hg stress only. However, there is evidence that birds under compound stress
might exhibit a delayed or suppressed acute CORT response because they did not
have higher CORT concentrations as sampling time approached 3 min. To confirm this
effect, this experiment would need to be repeated with systematic measurement of both
baseline and acute CORT.
These findings suggest that Hg exposure might affect individuals differently when
another stressor is also present. Like most stressors, Hg impacts birds differently
depending on other circumstances, which could account for the many discrepancies
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seen in the literature. The findings here indicate that perhaps Hg exposure might be
particularly detrimental for wintering birds, experiencing similar lighting and food
availability to the birds in the present study. Future efforts should focus on captive
studies examining Hg exposure in the context of other stressors, to better understand
the effect of combined stressors on the HPA axis, as well as how Hg-exposed birds
might respond in the wild where there are more unpredictable stressors than just Hg
contamination.

Feather corticosterone
Although treatment group impacted baseline blood CORT levels, it had no effect
on CORT in feathers grown during the treatment period, or on the difference in feather
CORT between the pre-treatment feather and the replacement feather grown during the
treatment. Nor did CORT in feathers grown during the treatment, or the difference
between pre-treatment and replacement feather CORT, correlate with blood CORT
within subjects. Across all treatment groups, feather CORT in post-treatment feathers
was generally lower than in feathers sampled before treatment began, although posttreatment feathers also tended to be more massive than pre-treatment feathers.
Although treatment group alone did not predict post-treatment feather CORT, the
interaction between treatment group and individual pre-treatment feather CORT did
predict post-treatment feather CORT. Further, when considering all potential predictor
variables of post-treatment feather CORT, fitting them to appropriate models, and
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ranking by AIC, the interaction between pre-treatment CORT and treatment group, and
their individual effects, was the best predictor of post-treatment CORT.
The lack of a relationship between baseline blood CORT and feather CORT
contrasts with some of the previous literature. As Romero and Fairhurst (2016) point
out, CORT in feathers appears to come from general circulation, so it is a reasonable
hypothesis that if baseline CORT levels changed in an individual in response to a
chronic stressor, so too would feather CORT. This relationship has been reported in
several studies, especially those employing pharmacological exposure to exogenous
CORT (Romero and Fairhurst, 2016). However, a correlation between blood and
feather CORT assumes that differences in blood CORT were sustained throughout the
study period, which might not have been the case in the present study. It is possible
instead that birds adjusted baseline CORT over the course of the treatment period as
they responded to the presence of Hg and food stress. If this was the case, since
CORT in feathers appears to capture “average” CORT levels over time, there might not
be a detectable change in feather CORT. Or perhaps baseline blood CORT and feather
CORT might have been more strongly correlated at a different time point during the
study period. As Romero and Fairhurst (2016) indicate, blood and feather measures
are not expected to always be correlated because blood captures only stress levels in
the moment, whereas feathers assess stress over the entire period of growth – at least
several weeks.
Research has shown that in captive birds in particular, for example the redlegged partridges (Alectoris rufa) studied by Bortolotti et al. (2008), feather CORT might
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be more strongly correlated with stress-induced CORT, as birds experience less
stressful conditions overall in captive environments. As a result, a single acute stressor
might have an outsized effect on feather CORT. Similarly, in free-living tree swallows
receiving CORT implants, baseline and acute blood CORT were both positively
correlated with feather CORT, but only in the middle of the treatment period when blood
CORT was at its highest (Fairhurst et al., 2013a). Both studies suggest that blood and
feather CORT are not always tightly correlated, but a lack of correlation in the present
study does not imply that feather CORT is not a useful measure under some conditions.
However, the lack of a relationship between feather CORT and baseline blood
CORT, or treatment group, could be driven by more than just the timing of
measurements. Some properties of the feather itself can impact CORT deposition and
could thus decouple blood and feather CORT. For example, there is evidence that
feathers grown under chronic food stress have fewer barbules and a smaller inter-barb
distance (DesRochers et al., 2009). Combined food and psychological stress have also
been shown to decrease feather area (Strochlic and Romero, 2008). In these studies,
which used the same set of birds, food stress alone, and in combination with
psychological stress, elevated both baseline and stress-induced CORT levels
(DesRochers et al., 2009; Strochlic and Romero, 2008). Taken together, this suggests
that under certain chronic stress regimes, elevated CORT is associated with smaller,
less dense feathers. Less dense feathers would presumably have less available area
for CORT to bind, and thus might be associated with lower feather CORT despite higher
circulating CORT. This is supported by the findings of Patterson et al. (2014), who
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observed that in nutritionally stressed Caspian tern (Hydroprogne caspia) chicks,
although food restriction elevated baseline and stress-induced blood CORT, feather
CORT was reduced in stressed individuals relative to controls. Food-stressed chicks
had smaller feathers, on average, than non-stressed individuals, and CORT in feathers
was positively related to feather mass, with heavier feathers having more CORT
(Patterson et al., 2014).
In the present study, treatment was predictive of the difference in feather mass
between pre-treatment and post-treatment feathers, by repeated-measures ANOVA.
However, contrary to previous work demonstrating that food stress leads to smaller or
less dense feathers, post-treatment feathers were heavier across all treatment groups,
although they did not differ in length. The increase in feather mass appeared to be
smaller in the food stress and compound stress groups, suggesting that perhaps
nutritional stress leads to the production of lighter feathers. Yet feather mass was not
predictive of feather CORT in this study. Thus, if there is an effect of food stress on
feather size, it might be due to physiological constraints as a result of reduced access to
resources, rather than elevated CORT, similar to observations by Patterson et al.
(2014).
Interestingly, pre-treatment feather CORT, as well as the interaction between
pre-treatment feather CORT and treatment group, were both predictive of CORT in
feathers grown during the treatment, even though treatment group alone was not
predictive. These two linear correlations were statistically significant on their own, and
when this relationship was further probed by modeling data using gamma-distributed
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GLMs with a log link and ranking models by AIC comparison, it was found that the best
predictor of post-treatment feather CORT was the interaction between pre-treatment
feather CORT and treatment group, as well as their individual effects.
This interaction model revealed a complex relationship between the two feather
CORT measurements and treatment group. Birds on the control diet, in both the control
and food stress groups, exhibited a positive correlation between pre-treatment feather
CORT and replacement feather CORT. This suggests that when birds are not under Hg
stress, starting feather CORT predicted CORT during treatment, with individuals
showing consistent relative CORT levels over the study period. When contaminants like
Hg are not present, feather CORT might be sensitive to individual variation in CORT
phenotype. Repeated measurements of feather CORT could therefore be useful in
future studies examining the relationship between consistent individual differences in
stress physiology and behavioral syndromes. There is already a wide body of literature
suggesting a relationship between CORT and “personality,” considered a suite of
consistent behavioral responses within an individual (Cockrem, 2007). The existence of
individual-specific bundles of traits that include CORT responses provides support for
the idea that perhaps birds with different CORT phenotypes have different behavioral
responses to stressors. Given that it assesses CORT over several weeks, feather
CORT might be a more reliable measure of individual variation than blood CORT, which
only captures an individual’s stress-adaptive strategy in that moment. Future work
could test this idea (in the absence of Hg exposure) by sampling baseline blood CORT
prior to the initiation of food stress and at the end of the treatment period (as opposed to
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sampling blood only during the treatment period, as was done here). This would allow
for comparison of the sensitivities of blood and feather CORT to individual differences in
response to stress across the study period.
It is also interesting that both pre- and post-treatment feather CORT were
predictive of change in body mass over the study period. Both measurements of
feather CORT were negatively correlated with change in body mass across all
treatments except for the Hg stress group. This suggests that perhaps individual
differences in CORT physiology caused birds to adapt to stressors differently, in terms
of both adjustments in stress hormones as well as body mass. As hypothesized in the
previous section, the generally higher mass gain in food-stressed groups could have
been due to competition between individuals stimulating retention of fat or fuller crops in
some birds. Mass gain might be different in individuals of varying social status based
on perception of risk during times of resource limitation.
There is some previous evidence of a relationship between dominance and
CORT in songbirds under certain circumstances, which might account for individual
differences in the response to stress seen in the present study. In captive, nonbreeding male house finches (Haemorhous mexicanus), for example, CORT was not
related to dominance when birds were housed in larger groups, but when housed with
just one other male, CORT was higher in the subordinate individuals (Belthoff et al.,
1994). The authors suggest that this difference in the relationship between CORT and
social status was related to the inability for subordinate individuals to escape aggressive
actions of more dominant males when housed in dyads rather than in groups (Belthoff
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et al., 1994), highlighting the importance of context in considering the relationship
between CORT and social status. There is even some evidence of a relationship
between CORT and behavior in captive zebra finches as well. In birds artificially
selected for low blood CORT, exploratory behavior increased with increasing circulating
CORT, and high CORT genetic lines showed more risk-taking behavior (Martins et al.,
2007). Thus, CORT differences can be related to differences in social status and
behavioral strategy in birds. Given that birds were housed communally in the present
study, it is plausible that there was competition for food, which might have led to certain
individuals adopting different behavioral strategies based on their “personality” and the
presence or absence of food stress. Future work should endeavor to examine the
relationship between feather CORT, social status, and behaviors such as aggression,
dominance at feeders, activity, and risk-taking under both single and combined
stressors. It would also be useful to assess whether changes in weight were driven by
changes in fat stores or crop content.
Interestingly, while pre-treatment feather CORT was predictive of replacement
feather CORT in both the control and food stress groups, Hg appeared to disrupt this
relationship. In both the Hg stress and compound stress groups, pre-treatment feather
CORT was generally not predictive of replacement feather CORT, with some individuals
showing relatively higher or lower post-treatment feather CORT compared to their
original feather CORT. Exposure to Hg thus appears to obscure the relationship
between pre- and post-treatment feather CORT. Under Hg exposure, feather CORT
might be more sensitive to individual differences in Hg processing and tolerance than it
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is to consistent individual differences in stress physiology. This is further supported by
the apparent disruption of the relationship between CORT and mass change in Hgexposed individuals. While generally higher feather CORT was associated with less
weight gain, the opposite trend was observed in the Hg stress group. Birds in the Hg
stress group that had higher pre- or post-treatment feather CORT showed slightly more
weight gain than individuals with lower CORT levels. This could be due to Hg
interfering with metabolism, appetite, or fat storage in a way that obscures the expected
negative relationship between feather CORT and body mass. However, individuals
under both Hg and food stress did show a negative correlation between feather CORT
and change in body mass, and in fact the relationship with post-treatment CORT was
more exaggerated in this group than in any others. This suggests that if Hg does
impact metabolism, that effect could be different when birds also experience food
stress.
The relationship between food stress, Hg exposure, and feather CORT is clearly
complex. Further, it appears that at least over the timeframe examined (approximately
1.5 months of Hg exposure), differences in feather CORT with Hg exposure were only
detectable when examining both pre- and post-treatment feather CORT, as there was
no difference between treatment groups when examining post-treatment feather CORT
only. It is possible that with longer exposure to Hg, there might have been significant
differences between treatment groups. Yet the present data suggest that it is necessary
to perform repeated feather CORT measurements to detect an effect of Hg exposure,
which might be logistically challenging to carry out in the field, especially if it is not
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possible to sample feathers before Hg exposure occurred. Data must be collected on
several metrics to fully understand the contributors to feather CORT, and some of this
data (such as pre-exposure feather CORT) might be impossible to obtain from wild
birds. Further study is needed using longer Hg exposure times, and measuring social
status, fat content, behavior, and crop storage, in order to determine whether feather
CORT could prove useful as a bioassay for Hg stress in the wild and to further
disentangle potential confounding variables.
It cannot be overlooked, however, that the variability in feather CORT
quantification by ELISA reported here was much higher than is typical of the literature,
with an intra-assay coefficient of variation (CV) of 21% and an inter-assay CV of 19%
across 11 ELISA plates. Warne et al. (2015) used the same Cayman Chemical ELISA
kit to measure feather CORT in saw-whet owls (Aegolius acadicus) and obtained mean
intra-assay and inter-assay CVs of 5% and 9%, respectively. Kouwenberg et al. (2015)
also used the Cayman ELISA to measure Atlantic puffin (Fratercula arctica) feather
CORT, reporting an intra-assay CV of 16% when feathers were extracted with MeOH
(no inter-assay CV was reported), although this improved to 8% with acetonitrile/hexane
purification of samples, a technique that was not utilized in the present study. Albalawi
(2020) reported an intra-assay CV of 6% and an inter-assay CV of 14% when using the
same assay to measure blue tit (Cyanistes caeruleus) nestling feather CORT. The
values obtained in the present study are comparatively high, especially the intra-assay
CV.
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The impact of between-plate variability should be minimal in the present study,
as all pairs of pre- and post-treatment feather CORT from the same individuals were run
on the same plate to minimize batch effects. However, the intra-assay variability was
also high, which is perhaps cause for concern. It is promising that an effect of the
interaction of treatment group and pre-treatment feather CORT on replacement feather
CORT was observed here, even though sample pairs from different treatment groups
were spread across 11 different plates. This provides more confidence that the results
presented here are valid.
As a next step, it is possible to improve the feather CORT assay, as additional
sample material remains for all feather CORT extracts. Therefore, all samples can be
re-run on a different ELISA kit to ensure that the results presented here are legitimate
and not just an artifact of the kit sensitivity itself. While the Cayman Chemical ELISA kit
was selected for its precision down to even pg amounts of CORT, and several feather
CORT papers have cited its use (Albalawi 2020; Kouwenberg et al., 2015; Kouwenberg
et al., 2016; Warne et al., 2015), the kit was ultimately designed for use on blood
samples. Feather samples have much lower CORT content than blood (pg in feathers
compared to ng in blood). Although none of the samples examined in the present study
were below the limit of detection of the assay, most fell within the range of the lowest
provided standards, where accuracy might be lower.
Given the observable effects using the Cayman ELISA here, this study does add
to the growing body of evidence that ELISA presents a feasible alternative to the
original method of using RIA to measure feather CORT, as described by Bortolotti et al.
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in 2008. This is important in considering the practical applications of feather CORT as a
bioassay, as ELISA is generally considered safer than RIA, as it does not require the
use radioactive materials. It is also easily performed using standard laboratory
equipment and analyzed on a microplate reader, which most labs possess, rather than
requiring a gamma or liquid scintillation counter, one of which is necessary for RIA.
The present study also provided evidence that feather CORT per unit mass is
highly correlated with CORT per unit length. Precautions were taken to measure
feather mass as precisely as possible, utilizing a highly precise balance, measuring
each feather three times, and reducing static electricity. Many papers have suggested
reporting feather CORT per unit length because of observed “mass dilution” effects, in
which more massive feather segments appear to have less CORT when reported per
mg, seemingly just because feathers taper in size (Bortolotti et al., 2008). For this
reason, reporting feather CORT per unit length has been suggested to be more
accurate, since feather length increases in a more strictly time-dependent fashion
(Bortolotti et al., 2009; Jenni-Eiermann et al., 2015; Romero and Fairhurst 2016). In the
present study, CORT per unit length was virtually no different from CORT per unit mass,
perhaps because whole feathers were examined instead of feather segments. Based
on findings here, however, it would appear that when using whole feathers, both
adjustment by unit length and adjustment by unit mass produce very similar results.
Given the potential effect of stress treatments on feather size and density mentioned
previously, reporting CORT per unit length might be more accurate in some cases, as
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this might better reflect available feather area to which CORT can bind. But mass may
be easier to measure with both accuracy and precision.
Feather CORT has shown promise as a bioassay for stress over longer periods
of time (3 weeks or more) than blood CORT. Although it has been used in the study of
many different stressors, this is the first experiment to date to examine the effect of
more than trace Hg exposure on feather CORT. It is also the first study to examine the
effect of experimentally controlled contaminant exposure (all other studies used wild
birds) and the effect of dual stressors on feather CORT. Feather CORT was not
sensitive to treatment group in this study and did not correlate with baseline blood
CORT. However, the interaction between pre-treatment feather CORT and treatment
group, and their individual effects, were both predictive of post-treatment feather CORT.

V. Conclusions
Using a unique study design, captive zebra finches were exposed to a controlled
dose of Hg and chronic food stress. This allowed for careful examination of the impacts
of Hg alone and in combination with food stress on songbird stress physiology, in an
attempt to better understand conflicting data in the literature. Both alone and in
combination with food stress, Hg elevated baseline CORT levels, with some evidence
that the stress response was suppressed in birds under compound stress. Birds under
food stress also tended to gain weight, and higher CORT levels were associated with
less weight gain (or even weight loss) across all stress groups. Further, in groups with
elevated CORT, females tended to show higher CORT levels than males.
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Taken together, these findings suggest that chronic dietary Hg does indeed alter
HPA axis functioning in a model songbird, and those effects are exacerbated under food
stress. The complex relationship between food stress, Hg exposure, CORT levels, sex,
and changes in body weight suggest that the effect of Hg on stress physiology is highly
dependent on context. Future captive studies might build on these findings by
extending the treatment period to see if a different CORT or weight response is
observed; examining behaviors such as dominance and activity levels to determine
whether certain types of individuals are better able to cope under compound stress;
measuring fat stores and crop content to better understand the drivers of stress-related
weight changes; and sampling stress-induced CORT to confirm the suspected
suppression of the stress response observed here. Further, field studies of Hg
exposure should consider measuring baseline and stress-induced CORT, as well as
body mass and behavioral traits, to better understand what factors might interact to
create the observed response.
Feather CORT has been promoted as a promising bioassay for stress, including
from environmental contaminants. It seemed especially useful in the assessment of
stress related to Hg exposure, since Hg is endogenously deposited in feathers along
with CORT. In the present experiment, however, feather CORT was not sensitive to Hg
exposure alone when a repeated-measures design was used to systematically examine
the effect of Hg and food stress on feather CORT.
Instead, in this study, CORT in feathers replaced during the treatment period was
best predicted by the interaction between pre-treatment feather CORT and treatment
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group. There was a positive correlation between original and replacement feather
CORT in individuals that were not exposed to Hg. Further, across all treatment groups
except Hg stress, feather CORT was negatively related to change in body mass during
the study. This suggests that feather CORT might be useful in assessing individual
CORT phenotype and stress “coping mechanisms.” Since feather CORT assesses
CORT over a period of several weeks, it might better capture stable CORT phenotypes
associated with animal personality, for example. The relationship between pre- and
post-treatment feather CORT appeared to be disrupted in Hg-exposed individuals, who
showed virtually no correlation between the two.
Future research should systematically test whether feather CORT is indeed more
sensitive to individual variation than blood CORT, by comparing repeated blood and
feather samples. Additional work might also aim to examine the relationship between
feather CORT and behavior, especially under stressful conditions. Further, future work
should investigate whether feather CORT differs between Hg-exposed and control
individuals if the period of Hg exposure is extended. Based on the findings reported
here, it would be difficult to use feather CORT to assess Hg stress in the field, since
treatment group was only associated with differences in the change in feather CORT
between original and replacement feathers, and not replacement feather CORT alone.
As repeated measures designs are much more challenging to carry out in the field and
likely would not capture pre-exposure feather CORT, there is still more work to be done
to clearly determine the usefulness of this assay in wild birds.
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Chapter 3. Examining the relationship between feather corticosterone, feather
mercury, and feather color in zebra finch primaries

I. Introduction
Bird feathers come in a wide array of colors, and bird color is often examined
through the lens of sexual selection, to better understand what drives the production of
a colorful trait, as well as what it signals. However, it is equally important and
informative to examine portions of plumage not under sexual selection. It is through
examination of these often drab and underwhelming patches that we can better
understand factors that might interfere with the mechanism of coloration – whether by
disrupting production of pigment granules or perturbing underlying feather structure.
Two factors that might interfere with feather coloration mechanisms are
corticosterone (CORT) and toxicants like mercury (Hg). In the present study, I
examined the effect of both CORT and Hg on feather color, to determine whether high
circulating levels of either molecule, or their direct deposition into feathers, altered
feather color. Toxicants like Hg might alter color directly, or indirectly by altering levels
of CORT.
CORT is an important avian hormone produced by the hypothalamic-pituitaryadrenal (HPA) axis. Acute, stress-induced CORT secretion by the HPA axis is critical in
promoting the behavioral and physiological changes necessary to maintain the adaptive
stress response, often called the “fight or flight” response (Charmandari et al., 2005). At
resting levels, baseline circulating CORT plays a role in regulating immune function,
113

circadian rhythms, synaptic plasticity, and important aspects of the annual cycle
(Romero et al., 1997; Romero and Remage-Healey, 2000; Romero et al., 1998;
Sapolsky et al., 2000). During molt, CORT tends to be suppressed, likely because
CORT secretion stimulates catabolic processes and redirects energy away from
activities like protein synthesis and towards survival (Romero et al., 2005).
Under chronically stressful conditions, however, repeated activation of the HPA
axis can lead to elevated baseline CORT (Strochlic and Romero, 2008; Fokidis et al.,
2012), or even suppression of CORT by negative feedback inhibition (Rich and Romero,
2005; Cyr and Romero, 2007). Altered CORT levels during molt, especially elevated
CORT levels, could be associated with differences in feather color and quality
compared to “non-stressed” individuals. Stress-induced differences in feather color
could occur by alteration of melanin pigmentation or through disruption of feather
microstructure, and consequently structural color.
Melanogenesis, the production of melanin pigment granules by specialized cells
at feather follicles, is regulated by a melanocortin hormone called melanin-stimulating
hormone (MSH). Another melanocortin hormone, called adrenocorticotropin hormone
(ACTH), acts at the adrenal glands to stimulate CORT secretion. Both melanocortins –
one regulating color production and the other the stress response – are derived from the
same proopiomelanocortin (POMC) prohormone, and both have the ability to act on
melanocortin receptors (Ducrest et al., 2008). For this reason, many believe that a
pleiotropic relationship exists between melanin pigmentation and the stress response in
birds, with more melanistic individuals having better “stress resistance,” resulting in a
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shorter and less exaggerated stress response, with better negative feedback inhibition
(Ducrest et al., 2008). In fact, there is evidence that ɑ-MSH can bind hypothalamic
melanocortin receptors to reduce CORT secretion by negative feedback inhibition
(Racca et al., 2005). Several studies suggest that birds with more eumelanin – the type
of melanin directly produced by MSHs and responsible for gray, black, and dark brown
coloration – show a more modest stress response than less eumelanistic individuals
(Almasi et al., 2010; Roulin et al., 2008; Saino et al., 2013). The opposite appears to be
true for pheomelanin, the pigment responsible for buff, brown, and ruddy coloration, as
it is produced upon binding of endogenous antagonists to melanocortin receptors
(Ducrest et al., 2008). The available data on the relationship between CORT and
melanin in birds is sparse. However, a better understanding of this relationship might
shed light on whether melanistic feather patches could be used as honest signals of
stress resistance.
A better understanding of the relationship between CORT and melanin is also
critical to our mechanistic understanding and interpretation of a technique growing in
popularity – the measurement of CORT deposited in feathers. Only one paper has
examined the relationship between CORT in feathers and their color. They found that in
rock pigeons (Columba livia), more melanistic feathers contained more CORT,
suggesting that perhaps CORT binds better to feathers with more melanin granules
(Jenni-Eiermann et al., 2015). If this is the case, it could impact how feather CORT data
is interpreted. As only one study has examined this thus far, additional data is needed
to provide further evidence of this relationship, as suggested by Romero and Fairhurst
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(2016). Given the widespread use of feather CORT as a bioassay, it is critical to know
whether CORT measures are confounded by feather color, as few feather CORT
studies examine color concomitantly with CORT.
In addition to its hypothesized relationship with melanin, there is evidence that
high circulating CORT during feather growth might also affect structural coloration by
altering feather microstructure. Structural colors include shades of blue, violet, and
ultraviolet that are produced through the scattering of light by vacuoles and sometimes
melanin granules embedded in feather keratin in a specific arrangement to produce the
perceived color (Prum et al., 1998; Prum 1999; Shawkey et al., 2003; Shawkey and Hill
2006). Exogenously and endogenously elevated circulating CORT during feather
growth altered feather microstructure in European starlings (Sturnus vulgaris), resulting
in alterations in the number of barbules, inter-barb distances, and barbicel hooking
(DesRochers et al., 2009; Strochlic and Romero, 2008). While color was not directly
assessed in this study, such changes could result in differences in perceived structural
colors. A similar relationship was observed in female blue tits (Cyanistes caeruleus), as
individuals with lower CORT produced more intense UV coloration in crown feathers
(Henderson et al., 2013). However, Grindstaff et al. (2012) observed higher CORT
levels in Eastern bluebirds (Sialia sialis) with more intense UV and violet coloration.
Further study is certainly needed to better understand what impact, if any, CORT has on
structural coloration.
Heavy metal contaminants like Hg might also impact feather color, whether
directly through endogenous deposition into feathers or chelation of enzymes needed
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for proper color production, or indirectly through their effects on CORT. Increasing
feather Hg was associated with brighter feathers in both Eastern bluebirds and belted
kingfishers (Megaceryle alcyon) at contaminated sites (McCullagh et al., 2015; White
and Cristol, 2014). It was hypothesized that these observed increases in brightness
might be caused by Hg-induced disruption of melanogenesis through chelation of the
enzyme tyrosinase, which plays a critical role in melanin synthesis (McCullagh et al.,
2015; White and Cristol, 2014). By contrast, captive zebra finches (Taeniopygia
guttata) that experienced early life or lifelong Hg exposure did not show changes in
melanistic back feathers compared to controls (Spickler et al., 2020).
The present study builds upon these findings, to better understand the
relationship between feather color, CORT, and Hg. Captive zebra finches were
exposed to controlled dietary Hg, chronic food stress, or both, and feathers were
sampled before treatment began so that color could be measured from replacement
feathers grown in during the treatment period. CORT and Hg were also measured in
both blood and feathers to better understand the complex effect of hormones and
toxicants circulating in the blood and directly deposited into feathers on feather color.
Here, feather color was measured non-destructively using UV-visual spectroscopy, in
which a broad-spectrum light is shined onto a feather sample and data is collected on
the wavelengths of light reflected back. Although it does not allow for direct
quantification of melanin granules or feather structure, this non-destructive approach
allows for CORT and Hg to be measured in the same feather after color quantification.
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Given the sparse literature on this topic, an exploratory approach was taken to
examine the relationships between color, CORT, and Hg in gray, melanistic zebra finch
primaries. I predicted that birds with higher CORT might have brighter and thus less
melanistic feathers based on the melanin pleiotropy hypothesis. Birds with higher
CORT might also have lower UV chroma if CORT disrupts feather microstructure.
These relationships might interact with Hg treatments, as Hg appears to also reduce
feather melanism, resulting in brighter feathers upon Hg exposure.

II. Methods
Study subjects and treatment groups
Study subjects were 112 sexually mature, captive-bred zebra finches. All birds,
treatment groups, and sampling protocols were the same as described in Chapter 2.
Briefly, birds were randomly assigned to one of 4 treatment groups, with 2 rooms per
treatment group: 1) control diet only (“control”); 2) control diet and chronic food stress,
achieved through daily unpredictable 4-hour food removal (“food stress”); 3)
approximately 1.2 ppm dietary methylmercury (MeHg) exposure only (“Hg stress”); 4)
combined dietary Hg exposure and chronic food stress (“compound stress”).
Birds in each treatment group were housed in separate communal rooms of 14
birds each (5 females and 9 males). Each group was replicated in 2 separate buildings,
resulting in 28 total individuals per treatment spread across two rooms. All 8 groups
were treated on the same timeline, and the area of floorspace, lighting, temperature,
humidity, and room layout were standardized across buildings.
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Feather sampling for color measurement
As described in Chapter 2, left and right primary 1 feathers were sampled twice
from every bird included in the study. The first feather samples, which grew in prior to
beginning experimental treatments, were taken 2 weeks after birds were transitioned
onto either Hg food (approximately 1.2 ppm MeHg) or a control diet. A few days after
the first feathers were sampled, food stress treatments began. Birds in the food stress
and compound stress groups experienced 4-hour food removal at an unpredictable time
for 25 consecutive days as sampled feathers re-grew. A few days after food stress
ended, the replacement primary 1 feathers, by then completely re-grown, were resampled from each bird. Replacement feathers took approximately 1 month to grow.
For all individuals included in the study, the following data were collected
(described in more detail in Chapter 2): body mass at the start of the experiment; body
mass during the stress treatment; baseline blood CORT during the stress treatment;
blood Hg during the stress treatment; feather CORT from feathers grown in before
treatments began; feather CORT from feathers grown in during the experiment; and
feather mercury from feathers that grew in during the treatment period.
Before feathers were destroyed for CORT extraction and Hg measurement, their
color was also assessed, using UV-visual spectroscopy. Color was quantified both from
feathers that grew in prior to treatment, as well as those that grew in during the
treatment period, for each bird in the study. To control for any effect of left or right side,
color was quantified from only the left feather for each individual. Both CORT and Hg
were also measured from the left feather of each bird included in the study, with a few
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exceptions (noted in Results). Thus, for most individuals included in the study, it was
not only possible to compare feather color across the 4 treatment groups, but also to
examine the relationship between CORT, Hg, and color in each feather.

Quantification of color by UV-visual spectroscopy
All pre- and post-treatment feathers from every individual in this study were
examined in the same way, using an Ocean Optics USB2000 fiber optic spectrometer.
Measurements of reflectance were taken using the attached probe, which both shines a
broad-spectrum light onto the sample and measures light reflected back from the
sample. For measurement of feather reflectance, the probe was secured into an
opaque black box that blocked out interfering light, and it was shined onto the sample at
a 90o angle, approximately 1 mm from the feather surface. Data was recorded in
reflectance mode, using the OOI Rad software associated with the spectrometer, with
an integration time of 50 ms, a smoothing size of 10, and 5 scans to average for all
samples. To standardize measurements and control for the effects of running the
spectrometer lamp for long periods of time, light and dark references were recorded
every 15 min.
The reflectance of each feather was determined by averaging spectra from 4
standardized points across the feather. Each point was also sampled twice. Thus,
each feather was scanned 8 times, and those 8 scans were averaged to determine the
overall feather color. A set of 8 scans was performed in the same sitting, using the
same light/dark reference for the whole feather. Feather samples were stored in paper
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envelopes and coded with numbers to obscure treatment group in order to prevent any
measurement bias. Feathers were scanned by another researcher who did not know
which sample number corresponded to which treatment.
The vane length of each feather was measured using a flat mm ruler. The
superior umbilicus (i.e., start of the vane) was aligned with the 0 mark on the ruler, and
length was measured to the most distal point of the feather vane. The 4 color sampling
points were then calculated relative to the vane length to standardize sampling locations
across feathers of different lengths. Points were spaced approximately equal distance
from one another, across the length of the feather. Point #1 (the “first quartile”) was
located 0.25*the total length, l, measured from the super umbilicus; Point #2 (the “midpoint”) was located 0.5*l from the superior umbilicus; Point #3 (the “third quartile”) was
located 0.75*l from the superior umbilicus; and Point #4 (“distal tip”) was located 0.2 cm
from the distal tip (Figure 18). After the 4 sampling points were calculated for each
feather, the feather was gently taped down by the calamus, with the dorsal side facing
up, onto a sheet of black cardstock. Points were then measured and marked in light
pencil next to the feather for reference.
The feather was then systematically scanned using the spectrometer. Points
were sampled from the middle of the trailing edge of the feather, which has a larger
surface area in primary feathers than the leading edge. The probe (inside its lightexcluding box) was first placed over Point 1, flush with the feather and paper, and that
point was scanned. It was then lifted, replaced, and Point 1 was scanned again. This
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was repeated until all 4 points had been scanned twice. All feathers were sampled in
the same way, to allow for comparison.

Figure 18. Feather sampling protocol for UV-visual spectroscopy. UV-visual reflectance was
measured from all feathers at 4 points, each of which was measured twice, for a total of 8 scans per
feather. Points were standardized relative to the vane length, which was measured from the 0 cm mark
shown here (centered around the superior umbilicus) to the distal tip. Reflectance spectra were collected
using an Ocean Optics USB2000 fiber optic spectrometer, and all 8 spectra per feather were later
averaged to determine the “average reflectance spectrum” for each feather. Points are not drawn to
scale.

Calculation of color metrics from reflectance spectra
All reflectance spectra were analyzed using the “pavo” package (v 2.5.0) in R (v
4.0.3). Reflectance spectra were imported into R and converted to “rspec” objects,
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restricted to the 300-700 nm portion of the spectrum, for easy manipulation using pavo.
All 8 spectra per feather were then averaged using the aggspec function, to produce a
single averaged rspec object for each feather. To reduce spectral noise, the procspec
function was then used on these averaged spectra to perform LOESS smoothing.
To visualize a typical smoothed and averaged zebra finch primary feather
reflectance spectrum, the command aggplot was utilized. Two plots were generated:
one that averaged together all averaged, smoothed spectra for feathers that grew in
before the treatment period, and another that averaged together all spectra for feathers
grown in during treatment (Figure 19).
For each individual, 4 color metrics were then calculated from the averaged and
smoothed reflectance spectra for both the feather sampled before treatment began
(feather A) and the replacement feather that grew in during treatment (feather B). The
following 4 colorimetric variables were calculated for each spectrum using pavo: mean
brightness (B2), spectral saturation (S2), red chroma (S1R), and UV chroma (S1U).
The pavo package calculates these metrics automatically based on descriptions by
Montgomerie (2006). Table 8 provides a brief description of how each metric is
calculated by pavo.
B2 and S2 were both used to estimate melanin content of feathers. These were
selected because more melanistic feathers tend to be less bright and have higher
saturation than feathers with lower melanin concentrations (McGraw et al., 2005). S1R
was also chosen as a means of assessing pheomelanin presence, which is responsible
for creating buff or reddish-brown colors and tends to show a small, gradually sloping
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peak in the red wavelength range (605-700 nm; Toral et al., 2008). Finally, UV chroma
was selected as a means of examining changes in structural color, as it is often used in
the study of structural coloration (Andersson et al., 1998; Henderson et al., 2013).

Figure 19. Aggregated UV-visual reflectance spectra for zebra finch primary feathers grown in
before and during treatment. Shown are aggregated UV-visual reflectance spectra, averaged across
averaged and smoothed spectra for all zebra finch primaries sampled before treatment (upper) and after
treatment (lower). Plots were generated using the “aggplot” command in the pavo package in R. Gray
shading represents the standard deviation of the averaged curves.
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Color metrics were compared across treatment groups in separate analyses of
only feather A and only feather B using one-way ANOVA. Color metrics were also
examined in both feathers A and B within an individual and across treatment groups,
using repeated-measures ANOVA. Linear models were generated to probe the
relationship between CORT, Hg, and each of the 4 color metrics.

Symbol

Colorimetric variable

Description

B2

Mean brightness

Mean relative reflectance over entire spectral range

S2

Spectral saturation

Ratio of maximum reflectance: minimum reflectance

S1R

Red chroma

Relative contribution of red region (605-700 nm) to total brightness

S1U

UV chroma

Relative contribution of UV region (300-400 nm) to total brightness

Table 8. Colorimetric variables calculated by pavo package in R. Listed are the 4 color metrics that
were calculated using the pavo package in R from each smoothed, averaged feather reflectance
spectrum. Spectra ranged from 300-700 nm in this study.

III. Results
Feather color and treatment group
UV-visual reflectance was measured from pre-treatment and post-treatment
feathers for 106 individuals. Of the 112 birds included in the study, 4 were excluded
because the wrong post-treatment feather was sampled (e.g., first secondary feather
may have been mistaken for first primary, but had grown in prior to dietary manipulation
and thus had only trace levels of mercury), and 2 were excluded because they died
before replacement feathers could completely regrow.
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Mean brightness, spectral saturation, red chroma, and UV chroma were
calculated from feather spectra for the 106 pre- and post-treatment feathers examined.
Pre-treatment feathers were those sampled just before food stress began. These
feathers (subsequently referred to as “feather A”) grew in prior to Hg or stress exposure.
Post-treatment feathers (“feather B” from all birds) were grown in during Hg and food
stress treatments. Feather B from all birds took approximately 1 month to grow in
completely, closely mirroring the 25-day food stress treatment. Descriptive statistics for
each color metric in feather A and feather B are listed by treatment group, and for the
entire study population, in Table 9.

B2

S2

S1R

S1U

Treatment

n

A

B

A

B

A

B

A

B

Control

28

14.36
(1.30)

13.88
(2.33)

1.43
(0.072)

1.41
(0.072)

0.28
(0.008)

0.27
(0.008)

0.24
(0.012)

0.24
(0.012)

Food stress

27

14.24
(1.38)

13.62
(1.42)

1.43
(0.054)

1.40
(0.064)

0.28
(0.006)

0.27
(0.006)

0.24
(0.010)

0.24
(0.013)

Hg stress

24

14.86
(1.48)

14.20
(2.35)

1.40
(0.058)

1.39
(0.071)

0.27
(0.008)

0.27
(0.008)

0.25
(0.014)

0.24
(0.015)

Compound
stress

27

14.46
(1.25)

12.72
(1.50)

1.42
(0.066)

1.42
(0.098)

0.27
(0.009)

0.27
(0.008)

0.25
(0.013)

0.24
(0.012)

AVG

106

14.47
(1.35)

13.59
(1.99)

1.42
(0.063)

1.41
(0.077)

0.27
(0.008)

0.27
(0.008)

0.24
(0.012)

0.24
(0.013)

Table 9. Descriptive statistics of colorimetric variables by treatment group. Listed are the 4 color
metrics that were calculated using the pavo package in R from each smoothed, averaged feather
reflectance spectrum (see Table 8 for a description of each). Spectra ranged from 300-700 nm in this
study. Shown are the averages across all feathers in each treatment group (with standard deviation) for
feathers grown in before treatments started (“A” in the table above) and those grown in during stress
treatments, sampled at the conclusion of the study (“B”). The “AVG” column shows each pre- and posttreatment color metric averaged across the entire study population.
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There was no difference in any of the color metrics across treatment groups
among feathers sampled before treatment began (p > 0.05 by one-way ANOVA). Sex
also had no effect on any of the color metrics examined in untreated feathers, as
expected for non-sexually selected primary feathers.
In the replacement feathers grown in during stress treatments, saturation, red
chroma, and UV chroma did not differ across the treatment groups (p > 0.05 by one-way
ANOVA). However, there was a difference in feather brightness (B2) between
treatment groups (F = 2.81, p = 0.043). This was largely driven by a difference between
the Hg stress and compound stress groups; this was the only comparison that reached
significance by Tukey’s HSD (p = 0.038). As illustrated in Figure 20, feather brightness
was lowest in the compound stress group compared to the other treatments. The Hg
stress group exhibited slightly higher brightness compared to both the control and food
stress groups.
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Figure 20. Brightness of replacement feathers was lowest in the compound stress group. Shown
is the mean brightness (B2) for feathers that grew in during treatment (feather B). Boxes show the mean
(middle line), 25th percentile (lower border), 75th percentile (upper border), and range (whiskers) for each
treatment group. Outliers are displayed as black points. There was a significant difference in B2
between treatment groups by one-way ANOVA (F = 2.81, p = 0.043), driven by a difference between the
Hg stress and compound stress groups (p = 0.038 by Tukey’s HSD).

The relationship between treatment group and brightness of feather B also
appeared to be sex-dependent. Sex alone was not predictive of feather B brightness,
but a linear regression of the interaction between treatment and sex yielded a
marginally significant relationship between the two (r2 = 0.068, p = 0.051). This is
illustrated in Figure 21, in which females appear to have higher feather brightness than
males only in the Hg stress and compound stress groups.
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Figure 21. Females tended to have brighter replacement feathers than males in mercury-exposed
treatment groups. Shown is the mean brightness (B2) for feathers that grew in during treatment (feather
B), with females and males separated out across treatment groups. Boxes show the mean (middle line),
25th percentile (lower border), 75th percentile (upper border), and range (whiskers) for each treatment
group. Outliers are displayed as black points. The interaction between treatment and sex predicted
feather brightness with marginal significance (r2 = 0.068, p = 0.051).

It was unclear whether the color of feather A might be predictive of color in
feather B. To test this, separate linear regressions were performed using each feather
B color metric as the response variable and the corresponding color metric for feather A
as the predictor variable. The interaction between feather A color and treatment group
was also examined for each color metric. feather A brightness was predictive of feather
B brightness with marginal significance by linear regression (r2 = 0.025, p = 0.057).
Generally, birds with brighter feathers at the start of the experiment grew in brighter
replacement feathers during treatment (Figure 22). The interaction between brightness
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in feather A and treatment group was also marginally significant by linear regression (r2
= 0.050, p = 0.094). A positive correlation was observed between brightness in feather
A and B across all treatment groups, except for birds in the food stress group, where
starting brightness was not predictive of brightness in feather B (Figure 22).

Figure 22. Starting feather brightness predicted replacement feather brightness. Brightness (B2)
of pre-treatment feathers (feather A) was plotted against B2 of feathers grown in during the study period
(feather B). Gray shading indicates the standard error of each linear regression. Feather A brightness
was marginally positively correlated with feather B brightness when examined across all study subjects
(left panel; r2 = 0.025, p = 0.057). The feather A brightness x treatment interaction trended towards
predicting feather B brightness (right panel; r2 = 0.050, p = 0.094).

A similar but stronger relationship was observed between saturation in feather A
(both alone and its interaction with treatment) and feather B. Feather A saturation
significantly predicted saturation of feather B by linear regression (Figure 23; r2 = 0.13,
p = 7.15 x 10-5). The interaction between starting saturation and treatment was also a
good predictor of feather B saturation (Figure 23; r2 = 0.12, p = 0.006). There was no
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relationship between feather A red chroma, or feather A red chroma x treatment, and
feather B red chroma. The same was true of UV chroma.

Figure 23. Starting feather saturation predicted replacement feather saturation. Saturation (S2) of
pre-treatment feathers (feather A) was plotted against S2 of feathers grown in during the study period
(feather B). Gray shading indicates the standard error of each linear regression. Feather A saturation
was positively correlated with feather B saturation when examined across all study subjects (left panel; r 2
= 0.13, p = 7.15 x 10-15). The feather A saturation x treatment interaction also predicted feather B
saturation (right panel; r2 = 0.12, p = 0.006).

Because pre-treatment feather brightness and saturation were both correlated
with post-treatment brightness and saturation, respectively, and both appeared to be
related to treatment group, this was further explored using repeated-measures ANOVA.
Repeated-measures ANOVA was not significant for feather brightness (Treatment:Time
F3,102 = 1.94, p = 0.127), although the brightness of all re-grown feathers tended to be
slightly lower than their starting brightness, with a much greater difference observed in
the brightness of feather A and B in the compound stress group (Figure 24). Feather
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saturation also did not change between feather samples A and B (Treatment:Time F3,102
= 0.584, p = 0.627), although saturation tended to be lower in feather B compared to
feather A overall (Figure 25).

Figure 24. Feather brightness did not change over the study period by treatment group.
Brightness (B2) was measured from pre-treatment feathers (feather A) and feathers grown in during the
study period (feather B). Boxes show the mean (middle line), 25th percentile (lower border), 75th
percentile (upper border), and range (whiskers) for each treatment group. Outliers are displayed as black
points. There was no difference in B2 between feather A and B across treatment groups by repeatedmeasures ANOVA (F3,102 = 1.94, p = 0.127).

Although both brightness and saturation were lower in feather B than in feather A
across treatment groups, the two color metrics were negatively correlated with one
another in A feathers (r2 = 0.27, p = 5.47 x 10-9) and in B feathers (r2 = 0.23, p = 1.33 x
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10-7), as expected. The results reported here suggest that feather brightness was
reduced in the compound stress group, but no other color metrics were impacted.
Although there was no significant difference between groups by one-way ANOVA (F =
0.70, p = 0.56), there was a trend towards higher feather B saturation in the compound
stress group, which conforms with expectations, given that saturation and brightness
are inversely related (Figure 26).

Figure 25. Feather saturation did not change over the study period by treatment group. Spectral
saturation (S2) was measured from pre-treatment feathers (feather A) and feathers grown in during the
study period (feather B). Boxes show the mean (middle line), 25th percentile (lower border), 75th
percentile (upper border), and range (whiskers) for each treatment group. Outliers are displayed as black
points. There was no difference in S2 between feather A and B across treatment groups by repeatedmeasures ANOVA (F3,102 = 0.584, p = 0.627).
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It is unclear from the results reported here whether pre-treatment feather color is
predictive of replacement feather color. There is evidence of a relationship between
feather A and B colors with respect to saturation and brightness, but not red chroma or
UV chroma, both of which also were unimpacted by treatment group. To better
understand what factors might be driving the trend towards lower feather brightness and
higher saturation in compound stress birds, the effect of CORT and Hg in blood and
feathers was next examined.

Figure 26. Saturation of post-treatment feathers trended higher in compound stress group but did
not rise to statistical significance. Shown is the saturation (S2) for feathers that grew in during
treatment (feather B). Boxes show the mean (middle line), 25th percentile (lower border), 75th percentile
(upper border), and range (whiskers) for each treatment group. Outliers are displayed as black points.
There was no difference in S2 between treatment groups (p > 0.05 by one-way ANOVA).
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Blood corticosterone
From the 106 individuals for which there was color data available, an additional 9
birds were excluded from analyses of color and baseline blood CORT, either because
blood was not sampled or blood sampling time exceeded 3 min. One individual was
excluded as an extreme outlier as well. See Chapter 2 Results for more details on
exclusions. Thus, 97 individuals were examined in this section.
Linear regressions were performed for each color metric in post-treatment (B)
feathers only, as blood was sampled for CORT during the treatment period and feathers
were grown in during treatment. Two linear regressions were performed, with each
color metric as the response variable – one regression tested blood CORT only as a
predictor variable, and the second set the interaction between treatment and blood
CORT as the predictor variable. None of the univariate or interactive models were
significant for any of the 4 color metrics, and thus it appears that blood CORT is not
predictive of the aspects of feather color examined here, even when treatment group is
taken into account.

Feather corticosterone
The relationship between CORT and color of the same feather was next
examined. Of the 106 feathers for which color data was available, 9 had to be excluded
from this analysis because CORT and color measurements did not come from the same
feather (CORT was measured in the right feather and color was measured from the left
feather, as a result of technical errors in CORT extraction from the left feather). An
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additional sample was excluded because the feather CORT extract became
contaminated with microbes and could not be accurately quantified on an optical plate
reader as a result. Thus, simultaneous feather CORT and color could be examined in
96 feathers.
The relationship between color and feather CORT was first examined in feathers
sampled before Hg and stress treatments. In pre-treatment feathers, there was no
relationship between feather CORT and brightness or UV chroma. However, there was
a slight positive correlation between feather CORT and saturation (r2 = 0.050, p =
0.017), as seen in Figure 27. There was also a slight, marginally significant correlation
between feather CORT and red chroma (r2 = 0.027, p = 0.060), depicted in Figure 28.
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Figure 27. Feather corticosterone was slightly positively correlated with saturation in pretreatment feathers. Shown is the relationship between spectral saturation (S2) of feathers grown in
before treatment began (feather A) in relation to their deposited CORT. Gray shading indicates the
standard error of the linear regression. The two variables were slightly but significantly positively
correlated (r2 = 0.050, p = 0.017).

In feather B samples, however, there was no effect of deposited feather CORT
on feather color, across all 4 color metrics examined (p > 0.05 by linear regression).
This was the case even when interactions with treatment group were considered.
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Figure 28. Feather corticosterone was slightly positively correlated with red chroma in pretreatment feathers. Shown is the relationship between red chroma (S1R) of feathers grown in before
treatment began (feather A) in relation to their deposited CORT. Gray shading indicates the standard
error of the linear regression. The two variables were slightly but marginally significantly positively
correlated (r2 = 0.027, p = 0.06).

Feather and blood mercury
Feather color was first compared with circulating Hg. Since Hg was sampled
from the red blood cell fraction of blood samples collected for CORT analysis, the same
exclusions were made as with blood CORT. Thus, there were 97 samples available for
analysis. Since blood Hg was measured during treatment, circulating Hg was compared
to the color of feathers that grew in during the treatments, feather B samples.
Separate linear regressions were performed with each of the 4 color metrics as
the response variables. Regressions used blood Hg alone or blood Hg x Treatment as
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the predictor variable, since blood Hg varied quite substantially across treatments. No
relationship was found between any of the color metrics and circulating Hg alone, or in
interaction with treatment.
Next, the same process was repeated using feather Hg. Feather Hg was
measured from 96 samples, the same samples from which feather CORT was
assessed. Since Hg was not present in pre-treatment feathers, this analysis also
involved only feathers grown in during the treatment period. The same regressions
were performed as with blood Hg. Feather Hg was also not predictive of any of the 4
color metrics, whether alone or in interaction with treatment group.

IV. Discussion
In the present study, the relationship between feather color, Hg, and CORT was
explored in brownish gray, melanistic zebra finch primaries. Through systematic feather
sampling before and after Hg and food stress treatments, observed changes in feather
color could be directly connected to treatments. UV-visual spectroscopy was used to
measure feather color non-destructively, and the color metrics mean brightness (B2),
spectral saturation (S2), red chroma (S1R), and UV chroma (S1U) were extracted from
feather reflectance spectra that were generated by averaging measurements across 8
scans per feather.
It was unclear whether feather color before treatment would be predictive of the
color of feathers grown in during treatment. This was especially so given that individual
stress history during growth of the first feather was uncertain, as birds were housed
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under similar conditions before the experiment began but not monitored daily as they
were during treatment. There was no correlation between red chroma or UV chroma in
feathers sampled pre- and post-treatment, but there was a slight correlation between
pre- and post-treatment feather saturation and a marginally significant correlation
between brightness in both feathers. Thus, statistics were performed on just the posttreatment feathers, as well as the change in color between pre- and post-treatment
feathers within an individual, to account for the small predictive power of pre-treatment
color.
Repeated-measures ANOVAs examining individual differences between pre- and
post-treatment feather color were not significant across any of the 4 color metrics
examined. When examining just feathers grown in during treatment, there was a
significant treatment effect on feather brightness, with birds in the Hg stress group
having slightly brighter feathers and birds in the compound stress group exhibiting duller
feathers than birds in the other treatment groups. However, post-hoc testing revealed
that only birds in the Hg stress and compound stress groups differed significantly from
one another. These differences appeared to be marginally dependent on the interaction
between treatment group and sex, with females generally displaying higher feather
brightness than males in both the Hg and compound stress groups. Although not
significant, there was also a trend towards higher spectral saturation in post-treatment
feathers sampled from birds in the compound stress group compared to other groups.
Since brightness and saturation were inversely correlated in the present study, this was
not surprising. Neither blood CORT, blood Hg, nor feather Hg predicted any of the 4
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color metrics tested here. Feather CORT was slightly positively correlated with
saturation, and there was a marginally significant positive correlation between CORT
and red chroma as well. However, this relationship was only observed in feathers
grown in before treatment.
Given the small effect size here, results should be interpreted with caution. In
the present study, birds under compound stress grew replacement feathers that were
duller and marginally more saturated in color than those of birds in the other treatment
groups, whereas birds in the Hg stress group had slightly brighter feathers than the
others. This suggests that birds under Hg stress grew slightly less melanistic feathers,
and birds under compound stress grew slightly more melanistic feathers, than birds in
the control and food stress groups. Although there was a difference in replacement
feather brightness by ANOVA, this effect was driven by a significant difference between
the Hg stress and compound stress birds; neither differed significantly from individuals
in the control or food stress groups by Tukey’s HSD. While there was a trend towards
brighter feathers in birds exposed to Hg stress and duller feathers in those exposed to
compound stress, additional data is needed (and especially more sex-balanced data,
since there were almost twice as many males as females in this study) to determine
whether this trend truly reflects treatment effects.
Considering these caveats, the findings here are still somewhat at odds with
previously published observations on Hg and feather color. McCullagh et al. (2015)
observed that feather brightness in female bluebirds increased with increasing feather
Hg. White and Cristol (2014) saw a similar effect in belted kingfishers, where increasing
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feather Hg was correlated with brighter chest feathers. In the present study, birds under
Hg stress only tended to have slightly brighter feathers, similar to findings by McCullagh
et al. (2015) and White and Cristol (2014). This finding supports the hypothesis by
McCullagh et al. (2015) and White and Cristol (2014) that Hg might inhibit
melanogenesis, as brighter feathers tend to be less melanistic (McGraw et al., 2005).
However, birds under compound stress grew in duller feathers than birds under Hg
stress alone, and when compared to control and food stress individuals, although the
latter two comparisons were not statistically significant by post-hoc testing. This was
surprising, as the compound stress treatment is presumed to be more similar to the
experience of Hg-exposed birds in the wild experiencing unpredictable stressors in
addition to Hg contamination. Thus, it was predicted that individuals in the compound
stress group would have brighter feathers, as was the case for the two previously
described studies in free-living animals (McCullagh et al., 2005; White and Cristol,
2014).
It is possible that the mechanism driving differences in color with Hg exposure is
more complex than anticipated and involves an interaction between Hg and other
stressors. While the result in compound stress birds suggests an increase in
melanogenesis under combined Hg and food stress, this explanation seems unlikely.
Food stress alone did not alter feather brightness here. Further, captive house
sparrows (Passer domesticus) and brown-headed cowbirds (Molothrus ater) under food
restriction during molt displayed no difference in feather brightness or size of melanistic
throat patches or hoods, respectively (McGraw et al., 2002), suggesting that melanin
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pigmentation is not constrained by food resources. However, there is evidence that
under certain stressors, the relationship between melanin content and feather
brightness breaks down. D’Alba et al. (2014) examined feather brightness and
melanosome density in both the pheomelanin-based cheek patches of zebra finches
and the eumelanin-based bibs of black-capped chickadees (Poecile atricapillus).
Although zebra finches exposed to unpredictable food removal had similar melanosome
density to control birds, their feathers were duller and had lower barbule density than
control individuals (D’Alba et al., 2014). Similarly, in chickadees, melanosome density
did not differ between healthy individuals and birds impacted by avian keratin disorder,
yet healthy birds had higher barbule density and brighter feathers than those with the
keratin disorder (D’Alba et al., 2014). Further, DesRochers et al. (2009) found that birds
under food stress had fewer feather barbules than control individuals, suggesting that
perhaps these birds would have had duller feathers as well, if barbule density is related
to brightness. Taken together, these studies suggest that some stressors can alter
barbule density and perhaps other microstructural elements that could obscure the
relationship between brightness and melanin content. Given that birds in the compound
stress group were under the most stressful conditions of the present study, it seems
possible that the combined physiological stressors of Hg exposure and food deprivation
altered barbule density, resulting in perceived duller feathers compared to the other
individuals in this study. To clearly determine the drivers of this relationship,
melanosome and barbule density would need to be measured directly.
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It should be noted as well that Spickler et al. (2020) did not observe any change
in gray zebra finch back feathers under several Hg exposure levels and timeframes,
including adult-only exposure and lifelong exposure. Back feathers are similar in color
to the primary feathers observed in the present study, although the birds examined by
Spickler et al. (2020) were only subject to Hg exposure and no other stressors. The
most pronounced impact on feather brightness was only observed in the compound
stress group in the present study.
In addition to the effects of Hg on feather brightness, McCullagh et al. (2015) also
observed that males exhibited higher UV chroma with increasing blood Hg. Contrary to
the findings by McCullagh et al. (2015), UV chroma was unchanged in zebra finch
feathers across treatments in the present study. However, reflectance in the UV region
of the zebra finch primary feather spectrum is very modest compared to that of
bluebirds, with more of the perceived color coming from melanin pigmentation in zebra
finches. In bluebirds, on the other hand, much of the perceived color is structure-based,
and feathers with UV, blue, and violet reflectance are under sexual selection, unlike the
gray feathers examined here.
It is worth exploring further the sex difference observed in the present study as
well. Under both Hg stress and compound stress, females tended to grow in brighter
feathers than males, although feather brightness was approximately the same across
males and females in the control and food stress groups. These findings must be
interpreted with caution, as there were approximately twice as many males in this study
as females. The difference observed here was not due to inherent sex differences in
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feather color, as there was no sex difference in feather brightness before treatments
began. Further, it does not appear to be related to differences in feather Hg, as males
and females exhibited similar levels of feather Hg when compared by one-way ANOVA.
Sex differences in color could be related to differences in the stress response between
males and females. However, neither feather CORT nor blood CORT, alone or in
interaction with treatment group, predicted feather color. Thus, the driver of sex
differences in response to treatment remains unclear and warrants further study.
More broadly, examining the relationship between CORT and feather color, the
present study provided very little support for the melanin pleiotropy hypothesis, which
states that individuals with more eumelanin pigmentation should display greater stress
resistance, often interpreted as lower CORT levels. The opposite should be true of
individuals with higher pheomelanin. In the present study, feather CORT was weakly
positively correlated with both saturation and red chroma in pre-treatment feathers. If
red chroma is indeed associated with the presence of pheomelanin, a positive
relationship would be expected between CORT and red chroma under the melanin
pleiotropy hypothesis. But given that this relationship was only marginally significant
and not observed in feathers grown in during treatment, the observed correlation might
not be meaningful. Similarly, the weak positive correlation between feather CORT and
saturation was also not observed in replacement feathers, and thus might be trivial.
Further study is needed to build confidence in this relationship. Much of the work on
melanin pleiotropy has observed a relationship between color and acute CORT, so
future studies could also assess stress-induced CORT to better understand the
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relationship observed here. Much of this previous work also focused on sexuallyselected melanistic patches, which could account for the lack of a relationship here, as
the feathers examined in the present study were not under sexual selection.
A previous paper reported a positive relationship between feather CORT and
melanism in rock pigeons (Jenni-Eiermann et al., 2015), prompting calls for further
study of color and feather CORT, to confirm that color does not confound the
measurement of CORT in feathers (Romero and Fairhurst 2016). This question was
directly addressed in the present study, as melanistic zebra finch primaries were
systematically sampled and tested for both color and CORT content. Further, the
present study expanded upon the methods of Jenni-Eiermann et al. (2015) by
employing a more quantitative measure of feather color, UV-visual spectroscopy, rather
than quantifying color by photography. Although treatment group had an effect on
feather brightness here, feather CORT was not related to brightness, saturation, red
chroma, or UV chroma in feathers grown in under Hg stress, food stress, or both. This
finding provides some confidence that feather color does not confound measurements
of feather CORT in melanistic feathers, an important mechanistic finding for feather
CORT studies.
Some literature describes a relationship between CORT and structural color, in
addition to melanin pigmentation. There is evidence that high CORT levels during
feather growth disrupts feather microstructure (DesRochers et al., 2009; Strochlic and
Romero, 2008). However, currently available data on the effect of CORT on structural
colors like ultraviolet is limited and equivocal. Although low CORT was associated with
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high UV chroma in female blue tits (Henderson et al., 2013), high CORT was correlated
with high UV chroma in male eastern bluebirds (Grindstaff et al., 2012). In the present
study, there was no relationship between UV chroma and CORT, although the UV
portion of the zebra finch primary spectrum does not contribute nearly as much to total
reflectance as it does to the feather spectra of other species like bluebirds. This does
not rule out the possibility that CORT altered feather microstructure in this study, as
alluded to previously, and future research could seek to examine microstructure in a
similar fashion to DesRochers et al. (2009) and Strochlic and Romero (2008).
To more precisely determine the relationship between CORT, Hg, and color,
future endeavors should seek to measure melanin granules and feather microstructure
directly. This presents a challenge, as exact quantification of melanin granules is often
very costly or destructive, preventing measurement of CORT or Hg from the same
feather. Measurement of microstructure can also be costly and technically challenging.
Although UV-visual spectroscopy measures color cheaply and non-destructively, it can
only quantify feather reflectance, thus requiring that assumptions be made regarding the
relationship between color metrics, melanism, and feather microstructure. To truly
understand this complex and multi-dimensional relationship, melanin and
microstructural elements must be measured directly.

V. Conclusions
In the present study, the relationship between CORT, Hg, and feather color was
explored in melanistic zebra finch primaries, with the goal of better understanding the
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effects of CORT on feather color, the relationship between CORT deposited in feathers
and their color, and the impact of Hg on feather color. The main finding reported here is
a modest effect of Hg stress and combined Hg and food stress on the brightness of
feathers grown in during treatment. There was a significant difference in feather
brightness between treatments, but this was driven by a difference between the Hg and
compound stress groups only, and thus further study is needed to build confidence in
these findings. Similar to previous research in free-living animals, birds in the Hg stress
group exhibited slightly brighter feathers, providing further support for the hypothesis
that Hg disrupts melanogenesis. However, birds in the compound stress group had
duller feathers than birds in the other treatment groups. This might be due to reduced
feather barbule density under stress causing reduced feather brightness even if there
was no change in feather melanin or a reduction in melanin. Additionally, a marginal
sex difference in feather brightness in both Hg treated groups suggests further
exploration of sex-related differences in feather color in response to Hg.
Neither blood CORT nor feather CORT predicted feather color. Thus, no support
was provided here for the melanin pleiotropy hypothesis, which predicts that more
melanistic birds should have lower CORT, as they are more “stress resistant.” There is
also no evidence of an effect of CORT on structural color (assessed using UV chroma).
This study does address mechanistic concerns related to the feather CORT
assay. Although preliminary evidence suggested that color might confound CORT
measurements in feathers, as darker feathers tended to have more CORT (JenniEiermann et al., 2015), this was not observed here. There was no correlation between
148

feather color, as assessed by UV-visual spectroscopy, and CORT measured in the
same feather. Thus, based on present findings, it would seem unnecessary to consider
feather color in analyses of feather CORT. Of course, this might vary across species
and feather patches, so further study is needed to confirm whether this is the case in
other species of birds. Additional work examining melanosome density and
microstructural elements would improve our understanding of all of the relationships
tested here.
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